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EDWIN ALFONZO 
Boston University Graduate School of Arts and Sciences, 2020 
Major Professor: Aaron B. Beeler, Associate Professor of Chemistry 
ABSTRACT 
Cyclic ethers, specifically, tetrahydro-, dihydro-, and furans, are pervasive and 
essential features in biologically active natural products and pharmaceuticals. The 
synthesis of cyclic ethers with atom, redox, and time economy is therefore desirable. 
Herein, we describe studies that led to the conception and development of photoredox 
methodologies that are able to catalytically generate carbonyl ylides from epoxides. These 
can be engaged in [3+2] dipolar cycloadditions with dipolarophiles to afford densely 
functionalized cyclic ethers in a sole, redox-neutral chemical operation. 
The invention of this technology hinged on the discovery of two unique photoredox 
catalysts that, in parallel, are able to mitigate the emerging challenges of generating 
electronically diverse carbonyl ylides. Empirical and theoretical studies of this reaction 
ultimately led to the proposal and validation of a general paradigm that can be used to assert 
a priori whether carbonyl ylide formation is possible from an epoxide. 
Lastly, the application of this methodology to a bioinspired, unified synthesis of the 
classical lignan family of natural products is described. This chemistry was accomplished 
by intercepting Nature’s route at a pivotal intermediate, which served as a nodal scaffold 
for the synthesis of all eight members found within classical lignans. 
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CHAPTER 1 
Carbonyl Ylides from Epoxides 
1.1 Introduction 
Cyclic ethers, specifically tetrahydro-, dihydro-, and furans, are ubiquitous in 
biologically active natural products and pharmaceutical agents (Figure 1).1–4 The discovery 
of chemical methods that can access these with atom,5 redox,6 and time economy are 
therefore desirable. We became interested in developing new technologies for synthesis of 
cyclic ethers with the anticipation that they could be applicable to natural product total 
synthesis.  
 
Figure 1.1 — Biologically active molecules that possess tetrahydro-, dihydro-, and furans. 
Among the molecules displayed in Figure 1, talaumidin (1.1), a classical lignan 
natural product, was particularly inspiring for the development of a general strategy. 
Talaumidin (1.1), isolated from the root of Aristolochia arcuata Masters 
2 
 
(Aristolochiaceae), is used as a stimulant, sudorific, and diuretic in Brazilian traditional 
medicine. Following its isolation Fukuyama and coworkers identified that 1.1 possessed 
promising neurotrophic activity.7–9 Specifically, 1.1 stimulated dendrite and axon-like 
outgrowth of cultured rat cortical neurons and protected cell death caused by deprivation 
of serum at lead compound like concentrations (1-30 μM). Twenty years of structure-
activity-relationship (SAR) studies by the same group identified all-cis disposed 1.7 
(Scheme 1.1) as the most active analogue.10,11 Unfortunately, due to the lengthy, linear 
synthetic sequence for 1.7 (7 steps), SAR studies concerning the methyl groups or the 
highly oxygenated aryl groups were not investigated. It is clear that an approach to 1.1 or 
1.7 that would allow variation of the peripheral components, aryl groups and methyl 
groups, and control of stereochemistry, would facilitate further SAR studies.  
 
Scheme 1.1— SAR studies of talaumidin revealed analogue 1.7 as a more active molecule. 
Analysis of 1.1, but more broadly 1.1-1.5, revealed three observations that were 
considered for the proposal of a general strategy for their assembly. First, cyclic ethers 
(1.6) often have highly functionalized carbocyclic rings with groups that include carbons 
(sp3, sp2, sp, aryl) and heteroatoms. Second, in the case of tetra- and dihydrofurans, 
substituents in the ring possess stereochemical information that must be introduced during 
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or after their assemblage. Lastly, if the proposed strategy is to be broadly applicable, the 
mode of use to enter these scaffolds must be absent of specific substitution requirements. 
This final consideration will minimize or possibly remove concession steps when engaged 
in target oriented synthesis.12 
The above-mentioned reflections led us to hypothesize that, in the backward sense, 
cyclic ethers can be minimized through a [3+2] dipolar cycloaddition transform (Scheme 
1.2), to afford a carbonyl ylide (1.8) and dipolarophile (1.9).13,14 Valuable features of this 
mode of entry are two-fold: the assembly of 1.6 is rendered modular and convergent, 
facilitating SAR studies of target molecules, and, if concerted, the stereochemical 
information of dipolarophile and carbonyl ylide should be translated to the resulting 
product. The latter point cannot be understated — the stereospecific progression of 
pericyclic reactions, such as [3+2] dipolar cycloadditions, have revolutionized target 
oriented synthesis, allowing for a priori predictability of stereochemical outcomes in 
designed reactions.15 
 
Scheme 1.2 — Retrosynthetic analysis of 1.6 reveals carbonyl ylide (1.8) and dipolarophile (1.9) as strategic 
building blocks. 
At this stage we began to consider the known modalities for entry into carbonyl 
ylides (1.8) (Scheme 1.3a). There are limited methods available for generation of 1.8 in 
comparison to other dipoles such as azomethine ylides.16,17 Carbonyl ylides can be 
generated from thermolysis or photolysis of epoxides (1.10),18–21 thermal extrusion of 
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nitrogen from 1,3,4-dioxolan-4-ones (1.12),22–24 and 1,3-elimination approaches of acyclic 
ethers (1.13 and 1.14) with α-pro-nucleophiles and α’-leaving groups.25–29 This last strategy 
is initiated by generation of an α-carbon nucleophile of an acyclic ether with use of 
stoichiometric activating agents (CsF or SmI2, in the cases highlighted here). This follows 
elimination of an α’-leaving group, resulting in the generation of carbonyl ylides that can 
be trapped with dipolarophiles. 
 
Scheme 1.3 — Known modalities for carbonyl ylide formation. 
The most advanced method of generating carbonyl ylides involve the reaction of 
diazo compounds (1.11) with carbonyls in the presence of a transition metal catalyst such 
as rhodium (II).30–32 This reaction has been extensively studied to the point where 
feasibility and stereochemical outcome of proposed reactions can be quickly assay on 
paper. Moreover, its use in natural product synthesis has been extensive, comfortably 
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validating its planned usage in retrosynthetic analysis.33 It is clear that this mode of entry 
to natural products of interest in our laboratory would seem safe, but close inspection of its 
history reveals disappointing limitations. Unstabilized diazos are explosive, which has 
limited carbonyl ylide studies to diazo compounds bearing electron withdrawing groups 
(EWG).34 Second, all the reported total syntheses that have relied on this mode of reactivity 
have been exclusively intramolecular approaches. There are reports of intermolecular 
variants for carbonyl ylide formation but the requisite EWG on diazo compounds 
undermines our efforts in developing a strategy that may prove general across systems.32 
Further examination of 1,3-elimination methods (1.13-14) and nitrogen extrusion 
of 1,3,4-dioxolan-4-ones (1.12) leave much to be desired. These methods require designer 
substrates which compromises step-count and overall applicability, and the harsh 
conditions and poor atom economy deters further studies. It is not surprising that these 
works have seen little revisit by the synthetic community.  
Carbonyl ylides generated from epoxides present an intriguing starting point. The 
synthesis of epoxides is a mature technology and many methods exist that can access these 
molecules with broad scope and functional group permissibility.35 Regrettably, carbonyl 
ylide generation through these methods have been historically low-yielding, due to the high 
energy surfaces that have to be accessed thermally and photochemically to elicit their 
generation. Clearly, modern methods for the generation of carbonyl ylides are needed.  
We were particularly drawn by the prospects of advancing the frontiers of carbonyl 
ylide generation from epoxides (Scheme 1.3b). As aforementioned their synthesis is trivial 
and therefore, a method that could efficiently produce these intermediates would possibly 
6 
 
be broad in scope. Other methods for carbonyl ylide generation require high concentrations 
of dipolarophile to compete with thermally allowed ring closure to epoxides. In most cases 
this is a decomposition pathway, but if starting from epoxides, this would simply regenerate 
the starting material. From these viewpoints we initiated a synthetic program aimed 
towards the efficient generation of carbonyl ylides from epoxides. In the forward sense, 
natural products of interest containing cyclic ethers could be accessed from epoxides and 
appropriate dipolarophiles.  
Detailed below is a review of carbonyl ylide generation from epoxides. Although 
not every single instant of its invocation will be highlighted, thoughtful contributions will 
be revised to explicate how these intermediates behave in solution. As foreshadowed by 
the title of this text, a photochemical approach was ultimately explored as the mode of 
activation of epoxides. Despite of this, carbonyl ylides are ground-state intermediates. 
Consequently, knowledge regarding how these behave in other modes of formation are also 
instructive, especially when considering what type of dipolarophile (HOMO or LUMO 
controlled) to use. The reviews by Padwa are an excellent starting point to begin to curate 
this knowledge.30,33 
1.2 Thermal Generation of Carbonyl Ylides from Epoxides 
The recorded history of carbonyl ylide generation from epoxides started in the mid-
1960s. Interest in this topic was undoubtedly sparked by groundbreaking communications 
by Huisgen and Woodward and Hoffman, specifically, 1,3-Dipolar Cycloadditions 
(Huisgen, 1963),14 Kinetics and Mechanism of 1,3-Dipolar Cycloadditions (Huisgen, 
1963),13 and Stereochemistry of Electrocyclic Reactions (Woodward and Hoffman, 
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1964).15 Within these studies, two key pioneering concepts regarding carbonyl ylides are 
advanced. First, 1,3-dipoles, i.e. carbonyl ylides, are closed-shell, ground-state 
intermediates that undergo stereospecific ring closures. Second, their formation from an 
epoxide, which is isoelectronic with the cyclopropyl anion, should proceed with direction, 
e.g. conrotatory or disrotatory, depending on its mode of activation. 
Shortly after, Linn presented the first example of a thermally generated carbonyl 
ylide from tetracyanoethylene oxide (1.15) (Scheme 1.4).36–39 Under thermolytic 
conditions, 1.15 undergoes carbonyl ylide formation and facile [3+2] dipolar cycloaddition 
to a variety of dipolarophiles including ethylene, acetylene, benzene, styrene, and cis/trans 
stilbene (1.18-23) in modest to excellent yields (35-94%). The carbonyl ylides generated 
are LUMO controlled and are trapped with electron-rich, HOMO dipolarophiles. The 
retention of stereochemistry of cis- and trans-stilbene (1.22-23) provides evidence for the 
stereospecific progression of the reaction with respects to the dipolarophile. Subsequent 
studies by the same author elucidated the rate law of the reaction and demonstrated that 
formation of an “activated species” was rate limiting.38 Though now seen as trivial and 
expected observations of formation of a 1,3-dipole, the authors remained hesitant to call 
this intermediate a carbonyl ylide and instead choose to call it a “zwitterion-biradical 
hybrid.” Ironically, later on Huisgen would use these observations, among others, as 
ammunition in the famous “permanent and devastating demolition of Firestone’s 
[diradical] argument.”40–43 Since 1.15 comprises four identical substituents, no 
experimental conclusions could be obtained about the stereochemical progression of 
carbonyl ylide formation.  
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Scheme 1.4 — Linn’s studies on the cycloaddition of tetracyanoethylene oxide to a variety of dipolarophiles. 
In 1971, Huisgen and coworkers wanted to determine whether thermal activation 
of stereodefined epoxides (trans or cis) would stereospecifically generate carbonyl ylide 
(exo, exo or exo, endo, respectively) via conrotatory ring opening.44 Starting with 2-cyano-
trans-stilbene oxide (1.24), it was anticipated that thermal activation would lead to 
carbonyl ylide 1.25, which is exo, exo in orientation (Scheme 1.5a). When 1.24 was heated 
in the presence of excess molten dimethyl fumarate (1.28) the projected products 1.29 and 
1.30 were isolated in 99% yield (Scheme 1.5b, Eq. 1). If the carbonyl ylide is not trapped 
with a dipolarophile it can undergo thermally allowed conrotatory ring closure back to the 
epoxide, retaining its initial stereochemistry. In other words, trans epoxides can undergo 
conrotatory ring opening to exo, exo carbonyl ylides and sequential conrotatory ring closure 
to trans epoxides. Thus, isomerization (trans  cis or cis  trans) of these species is not 
expected. However, when probing cis-1.27 under similar conditions, a mixture of all 
possible outcomes 1.29-32 from an exo, exo and exo, endo carbonyl ylide was obtained  
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Scheme 1.5 — Huisgen’s studies on the directionality of carbonyl ylide generation from 2-cyano-trans-
stilbene oxide (1.24) and 2-cyano-cis-stilbene oxide (1.27). 
(Scheme 1.5b, Eq. 2). Upon inspection, it would be reasonable to hypothesize that a 
disallowed disrotatory ring opening of the epoxide occurred; but the authors demonstrated 
that lower reaction temperatures offered a higher distribution of products favoring the 
expected exo, endo conformer, albeit at the cost of yield (Scheme 1.5b). This offers several 
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important observations: (1) exo, endo carbonyl ylides equilibrate to more stable exo, exo 
conformer, (2) equlibritation of these conformers is temperature dependent and (3) is able 
to kinetically compete with cycloaddition. The stability of 1.25 over 1.26 can be also 
rationalized via 1,3 allylic strain (A1,3). Substituents on the C1 and C3 carbons of the 
carbonyl ylide can engage in costly steric interactions leading to preferential formation of 
the exo, exo conformer.  
The scope of the reaction was further explored using different dipolarophiles and it 
was found that carbonyl ylides generated from 1.24 can effectively trap LUMO 
dipolarophiles (dimethyl fumarate (1.34), dimethyl maleate (1.35), and N-
phenylmaleimide (1.38)) and HOMO (norbornene (1.33), 1-pyrrolidinecyclopentete 
(1.36), 1-morpholinocyclopentene (1.37), and ethyne (1.39)) to afford molecules of the 
general structure of 1.40 (Scheme 1.5c).  
The ability to trap HOMO and LUMO dipolarophiles demonstrates how the frontier 
molecular orbitals of these species can be perturbed with EWGs and EDGs (electron 
donating group) to accommodate the electron demand of the dipolarophile of use. A 
continuation of this study was published in 1977, which summarizes the thermodynamics 
and kinetic consideration of this reaction.18 From a practical perspective, epoxides bearing 
EWG undergo relatively more facile carbonyl ylide formation than those lacking it and the 
exo, exo conformer of the carbonyl ylide is always more stable.  
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Scheme 1.6 — Racemization and isomerization of epoxides. 
Within the same year, Crawford corroborated Huisgen’s findings by reporting 
carbonyl ylide formation of trans and cis diaryl epoxide 1.41 and 1.42 (Scheme 1.6a).45 It 
was demonstrated that under thermal activation 1.41 undergoes isomerization (kcistrans = 
2.86•105 s-1, T= 229.14 °C) and racemization (kαobs= 2.96•105 s-1, T= 225.32 °C) to form 
predominantly racemic trans epoxide 1.42 (d.r. 9.52:1) (Eq. 1). Again, here is presumed 
that under the high temperatures isomerization of exo, endo carbonyl ylide to exo, exo 
occurs leading to formation of trans epoxide. The activation energy for racemization (Ea= 
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41.1 kcal/mol) and isomerization (Ea = 39.9 kcal/mol) were obtained using the Arrhenius 
relationship.  
The use of trans 1.42 offered different but meaningful results. The rate of 
racemization was several orders of magnitude faster and it was initiated at lower 
temperatures (kαobs= 1.09•105 s-1, T= 179.82 °C). This can be explained by more facile 
formation of more stable exo, exo vs. exo, endo carbonyl ylide. Actually, the activation 
energy for this process was found to be significantly lower (Ea= 35.9 kcal/mol) than that 
of cis 1.41, giving physical credence to the lower energy of the exo, exo carbonyl ylide. 
Unsurprisingly the rate of isomerization was found to be significantly slower (ktranscis = 
0.301•105 s-1, T= 229.14 °C) and the stationary state was found to be the same as before 
(d.r. 9.52:1). 
The ensemble of these data in an energy diagram is presented in Scheme 1.6b — 
numbers indicate energies in kcal/mol relative to trans 1.42 being zero. Conclusions that 
can be drawn from the visualization of these data are the same that were conceived based 
on theory: exo, exo carbonyl ylide is more stable than exo, endo and under high energy 
surfaces, which are required for exo, endo carbonyl ylide formation, isomerization of 1.44 
to 1.45 occurs. The loss of chirality during these processes provides support for the 
intermediacy of an achiral intermediate, i.e. a carbonyl ylide. Unfortunately, trapping of 
these carbonyl ylides via [3+2] dipolar cycloaddition was not reported. A noteworthy 
observation is that less polarized epoxides, those lacking EWGs, require significantly 
higher temperatures to undergo carbonyl ylide formation. These higher temperatures often 
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lead to major decomposition of the epoxides, offering little opportunity for successful 
cycloaddition.  
In 1981, Griffin and coworkers studied thermal carbonyl ylide formation and 
cycloaddition of simple diaryl epoxides (Scheme 1.7).46 Under thermal activation, epoxide 
1.46 was found to undergo [3+2] dipolar cycloaddition to dimethyl fumarate (1.34) to 
afford 1.47 in 33% yield as a single diastereomer (Scheme 1.7, Eq. 1). Although low 
yielding, this reaction covers all the ideals we sought in developing a strategy that may 
prove to be general. Unfortunately, the temperatures required to elicit carbonyl ylide 
formation lead predominantly to decomposition, limiting synthetic use and overall 
applicability. Furthermore, as noted previously, carbonyl ylides are prone to thermal 
equilibration. The use of cis epoxide 1.48, which would produce an exo, endo conformer 
via conrotatory ring opening, afforded exclusively product 1.47 which arises from the exo, 
exo carbonyl ylide (Eq. 2). Thus, if trans- disposed carbonyl ylide-derived products are 
desired this method will not be effective. Lastly, under the used thermal conditions 
isomerization of cis dipolarophiles is facile. For example, dimethyl maleate (1.35) was 
found to isomerize to dimethyl fumarate (1.34) (Eq. 4), compromising selectivity of 
resulting products (Eq. 3). Effective use of this reaction would not be possible if products 
with cis disposed stereochemistry from the dipolarophile are desired. To the best of our 
knowledge, this is the last recorded example that studies thermal generation of carbonyl 
ylide from epoxides lacking EWG. Subsequent studies that have expanded on these 
chemistries have primarily been conducted on epoxides bearing EWGs.  
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Scheme 1.7 — Thermal induced [3+2] dipolar cycloaddition of simple diaryl epoxides with dipolarophiles. 
In 1973, Robert and coworkers reported a series of studies regarding carbonyl ylide 
formation of donor-acceptor epoxides (also known as push-pull epoxides).47–50 These 
epoxides are characterized by having an EDG on the C1 carbon and two EWGs on the C2 
carbon of the epoxide. They found that epoxide 1.49 underwent [3+2] cycloaddition to 
imines (1.50) at relatively lower temperatures (110-115 °C) than previous examples to 
afford oxazolidines (Scheme 1.8). The lower temperature required to generate carbonyl 
ylides can be attributed to the polarizability of the EWGs, which weakens the strength of 
the carbon-carbon bond that needs to be ruptured for carbonyl ylide formation. 
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Furthermore, the addition of imine dipolarophiles in a regioselective fashion is notable, 
indicating that carbonyl ylides are prone to charge localization at the carbon termini of its 
1, 3-dipole. In detail, a negative charge coefficient is developed in the carbon with EWGs, 
leading to regioselective addition to imines (1.50). 
 
Scheme 1.8 — Thermal induced [3+2] dipolar cycloaddition of donor-acceptor (1.49) epoxides with imines. 
In an effort to further extend the scope of donor-acceptor epoxides and apply it to 
the total synthesis of 2,5 diaryl tetrahydrofuran (THF) (1.55) natural products (Scheme 
1.9a), Whiting and coworkers studied unsymmetrical diaryl epoxides bearing a cyano 
group and a para-nitro aryl group on the C1 carbon (1.52).51,52 Hinging on previous 
observations by Huisgen and Robert, they anticipated that carbonyl ylides derived from 
1.52 would have a localized 1, 3 dipole, and if reacted with an unsymmetrical dipolarophile 
it would lead to a regioselective product. This product, in principle, would be a fully 
differentiated 2, 5 diaryl tetrahydrofuran scaffold that could be advanced to natural 
products of the general structure of 1.55. They began by testing whether 1.52 would add to 
LUMO dipolarophiles and found that maleic anhydride could be trapped in 65% yield to 
afford 1.56 as a single diastereomer. The selectivity of this reaction is believed to be 
resulting from secondary orbital interactions between the dipolarophile and the exo, exo 
carbonyl ylide.  
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Scheme 1.9 — Carbonyl ylide generation using unsymmetrical epoxides and their cycloaddition to 
unsymmetrical dipolarophiles. 
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Unfortunately, use of unsymmetrical dipolarophiles such as methyl acrylate and 
ethyl propiolate only afforded mixture of regioisomers 1.57-58 and 1.59-60, respectively. 
Lastly, electron-rich epoxides such as 1.61, which contained the anticipated oxidation level 
present in natural product of interest, was found to be unreactive. 
Undeterred by these results, Whiting and coworkers later published their efforts 
towards applying donor-acceptor carbonyl ylides towards the total synthesis of furofuran 
(1.65), classical lignan natural products (Scheme 1.9c).53 Using epoxides of the general 
structure of 1.62, they were able to demonstrate cycloadditions using a variety of 
dipolarophiles including dimethyl acetylenedicarboxylate (DMAD) (1.66), dimethyl 
maleate (1.67), methyl acrylate (1.68 and 1.70), and dimethyl fumarate (1.69). The use of 
methyl acrylate afforded the endo product as a single diastereomer (1.70), a consequence 
of secondary orbital interactions. Unfortunately, efforts towards the synthesis of a 
furofuran skeleton were fruitless, as no reactivity was found when using a dipolarophile 
(1.71) that would establish the proper carbon framework of 1.65.  
In 1976, Crawford again contributed to this area by noting that under stringent 
conditions (300 °C) 2-vinyl epoxides (1.72) undergo rearrangement to dihydrofuran (1.73), 
albeit in low yield (<0.1%) (Scheme 1.10a).54 Following this observation, in 1978, 
Eberbach reported the intramolecular and intermolecular trapping of carbonyl ylides 
generated from 1-aryl-2-vinyl substituted epoxides (1.74 and 1.76) (Scheme 1.10b).55 
These were found to undergo intramolecular cyclization under high temperatures (>300 
°C) to afford dihydrofurans (1.75 and 1.77) in modest to good yields (50-80%). The 
resulting stereochemical outcome of this reaction can be explained by preferential 
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disrotatory cyclization of the 6π, exo, endo carbonyl ylide 1.80 over the endo, endo 
carbonyl ylide  
 
Scheme 1.10 — Synthetic studies on inter- and intramolecular rearrangement of 2-vinyl epoxides. 
1.79. The former would lead to cis disposed 1.81 and the latter to trans disposed 1.82. In 
light of that carbonyl ylides prefer to adapt the exo, exo conformation, it is not surprising 
to find that high temperatures are required to elicit this reaction. This is even more evident 
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when comparing the temperature required for carbonyl ylide interception with a 
dipolarophile such as DMAD which affords dihydrofuran 1.78 from epoxide 1.76 at 150 
°C (Scheme 1.10, Eq. 3).  
Further studies by Eberbach and coworkers established the capacity of thermal 
carbonyl ylides to undergo cycloaddition to tethered dipolarophiles to afford polycyclic 
ethers such as 1.84 (75% brsm, d.r. 2:1) from epoxide 1.83 (Scheme 1.11a).56 This example 
is noteworthy and demonstrates the potential applicability of this reaction in more complex 
settings. The following year the same scientists further expanded on the rearrangement of 
2-vinyl epoxides to include dienes in the starting material.57 Beginning from epoxide 1.85 
thermal rearrangement affords dihydrofuran 1.86 in fair amounts and excellent selectivity 
(50%, d.r. 12:1). From a synthetic viewpoint the α, β-unsaturated ester offers new 
opportunities for further derivatization.  
 
Scheme 1.11— Further studies on the intramolecular cycloaddition / rearrangement of epoxides by 
Eberbach and coworkers. 
20 
 
Following Eberbach’s studies, in 2002, Steel and coworkers were able to apply the 
rearrangement of 2-vinyl epoxides to dihydrofurans in the total synthesis of (±)-epiasarinin 
(1.95), a furofuran, classical lignan natural product (Scheme 1.12).58–63 1.95 is notable 
among the furofurans in that it possesses its aryl groups in the endo, concave face of its 
carbon skeleton. Starting from bromocrotonate 1.87, Darzens condensation with aldehyde 
1.88 afforded epoxide 1.89 in good yield and inconsequential selectivity (70%, d.r. 4:3). 
Under thermal conditions (200-300 °C), rearrangement of 1.89 to dihydrofuran 1.90 was 
unsuccessful, leading to major decomposition. It was hypothesized that due to the electron-
rich nature of epoxide 1.89, higher temperatures were required to elicit its rearrangement 
and in this regard, flash-vacuum-pyrolysis (FVP) was used as the mode of activation. FVP 
is a technique that briefly but intensely heats compounds to provide enough thermal energy 
to induce desired reactions to take place, without the drawback of possible decomposition 
due to sustained heating. Fortunately, using this mode of activation at 500 °C, compound 
1.89 undergoes carbonyl ylide formation and cyclization to afford 1.90 in 66% yield and 
d.r. 8:1. LiAlH4 reduction of 1.90 affords primary alcohol 1.91 uneventfully, setting the 
stage for completion of the carbon skeleton of 1.95. Under silylium ion activation alcohol 
1.91 undergoes condensation with 1.92 and sequential carbon bond formation via C3 
addition of the dihydrofuran generating intermediate 1.93; trapping of oxocarbenium 1.93 
with MeOH affords 1.94 as a single diastereomer after isolation (55%). Lastly, excision of 
the methyl ether in 1.94 was accomplished through BF3-OEt2 promoted oxocarbenium 
formation and silane reduction under precise temperature control. This afforded (±)-
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epiasarinin (1.95) in 70% yield and d.r. 7:1. Other studies that should be reviewed for more 
insights on vinyl carbonyl ylides include those by Hudlicky64,65 and White.66  
 
 
Scheme 1.12 — Total synthesis of (±)-epiasarinin (1.95) using the rearrangement of 2-vinyl epoxides to 
dihydrofurans as a key step. 
Outside the reports highlighted here, the years 1990-2010 saw few developments 
in this field. Progression was only tied to technological advancements such as microwave 
irradiation.67 Yet, the molecules being investigated remained largely the same.68–72 A 
resurgence in this area came in 2011, when Zhang and coworkers discovered that donor 
acceptor epoxides, just like aziridines and cyclopropanes, undergo [3+2] cycloadditions to 
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HOMO dipolarophiles in the presence of Lewis acids at room temperature (Scheme 
1.13a).73 Specifically, they found that Yb(OTf)3 could catalyze formation of carbonyl ylide 
1.98 from epoxide 1.96 followed by cycloaddition to aldehydes (1.97) to afford 1,3-
dioxolanes (1.98). Although limited to epoxides possessing two EWGs in one carbon 
termini, the high yields obtained and mild reaction conditions used set the stage for further 
examination of other dipolarophiles and diversely substituted epoxides. Indeed, since this 
disclosure, a slew of communications have been disclosed taking advantage of this 
reactivity mode to report trapping of alkynes,74 indoles,75 nitriles,76 ketenimines,77 
imines,78 and most recently, benzazoles79 with the use a variety of catalysts (TfOH, 
Ni(ClO4)2, Sc(OTf)3, Gd(OTf)3 and Yb(OTf)3).  
 
Scheme 1.13— Lewis acid catalyzed formation of carbonyl ylides from donor acceptor epoxides. 
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Feng and coworkers have realized asymmetric variants of this reaction by using 
chiral N,N’-dioxide/ Ni(II) catalyst system.80–82 Notably among these, is the report of 
carbonyl ylide formation from epoxides (1.100) and their cycloaddition to HOMO 
heterosubstituted alkenes (1.101) to afford highly functionalized THFs of the general 
structure 1.102.83 Although these reactions proceed in a regioselective manner, an example 
where the stereochemistry of the dipolarophile is retained in the resulting products has to 
date not been shown. This cast doubt on the carbonyl ylide character of the active 
intermediate. Nonetheless, the ability to carry out [3+2] cycloadditions of epoxides at room 
temperature is of importance, as reflected by the efficiency of these reactions, and sets 
precedence for a path forward for the generation of more broadly applicable carbonyl 
ylides.  
This concludes the review of thermally generated carbonyl ylides from epoxides. 
Ultimately, these chemistries were not further considered in our laboratory due to the high 
temperature requirements for activation of epoxides and, in the case of donor acceptor 
epoxides, requirement of exact functionality. Memorable details that will be advanced from 
this section to further chapters are the (1) temperature dependence of carbonyl ylide 
equilibration and the (2) preferential formation of exo, exo carbonyl ylide over exo, endo.  
1.3 Photochemical Generation of Carbonyl Ylides from Epoxides 
The proponents for photochemical generation of carbonyl ylides from epoxides 
have, not surprisingly, the same names as those mentioned in the previous section — Rolf 
Huisgen, G.W. Griffin, and Donald A. Whiting; but also new and important figures whose 
unique thinking led to developments that were truly original, such as D.R. Arnold, Angelo 
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Albini, and George A. Lee. Though presented in two separate sections, the observations 
made through thermal and photochemical generation of carbonyl ylides confluence and, 
once organized, bring a deeper understanding of the behavior of carbonyl ylides in solution.  
 
Scheme 1.14 — Low temperature photolysis of trans and cis stilbene oxide. 
In 1970, Griffin reported the absorbance spectra obtained from low temperature (77 
K) photolysis of trans (1.108) and cis (1.110) stilbene oxide.84,85 It was detected that 
photolysis of 1.108 gave an orange color intermediate (λmax= 490 nm), whereas 1.110 gave 
a red color (λmax= 510 nm) (Scheme 1.14b). Additionally, electron paramagnetic resonance 
spectroscopy (EPR) studies did not detect open-shell intermediates at the temperature range 
(77-140 K) these were metastable and observable. The lack of this latter data does not 
support an intermediate of the general structure of a diradical, such as 1.103 or 1.104 
(Scheme 1.14a). Moreover, the isomeric nature of these intermediates, generating two 
distinct colored species according to epoxide geometry, discounts the possibility of a 
charged intermediate such as 1.107. Finally, it was observed that the color intermediates 
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would fade in the presence of dipolarophiles such as DMAD and norbornadiene, albeit no 
cycloaddition products were isolated. Together, these observations strongly suggested 
photochemically allowed, disrotatory ring opening of the epoxides to the isomeric carbonyl 
ylides 1.105 and 1.106. Specifically, trans 1.108 forms exo, endo 1.109 and cis 1.110 forms 
exo, exo 1.111. The longer wavelength absorbing characteristic of 1.111 can be rationalized 
through extended conjugation across both aryl systems, while 1.109 only experiences 
partial conjugation to the aryl system in the endo orientation, which results in a 
comparatively blue-shifted absorbing spectra. It is surprising to find that even as late as 
1990 chemists would still suggest diradical intermediates were in play in these chemistries, 
even with compelling evidence available for a carbonyl ylide intermediate at such early 
point in the history of this field.  
Within the same journal volume, Arnold reported the generation of a carbonyl ylide 
(1.113) from a strained epoxide (1.112) under photochemical and thermal activation 
(Scheme 1.15a).86 From an academic perspective, carbonyl ylide generation from this 
epoxide is of interest because conrotatory ring opening should lead to a conformationally 
prohibited exo, endo ylide, and therefore, not possible. Surprisingly, thermal heating 
(conrotatory) and photolysis (disrotatory) lead to the same detectable purple species (λmax= 
544 nm), assigned as structure 1.113.  
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Scheme 1.15 — Carbonyl ylide generation of a constrained epoxide. 
Discussion regarding the thermal ring opening of epoxide 1.112 was not provided, 
but disallowed processes, especially those under thermal strain, often occur due to 
undetectable isomerizations (cis  trans epoxide). Thus, it is not unexpected that such an 
event may have occurred prior to carbonyl ylide formation with a strain system like 1.112. 
EPR experiments found that 1.113 was not paramagnetic, corroborating Griffin’s 
observations and further supporting a closed-shell interpretation of the color intermediate. 
Although photochemical activation was demonstrated, cycloadditions were not reported. 
The authors did however report thermally induced cycloadditions of 1.112 to DMAD to 
afford bridged compound 1.113. A sequential retro-[3+2] affords furan 1.114. The 
surprisingly low temperature required for cycloaddition (120 °C) is of note and likely 
enabled by strain release of 1.112. 
In 1976, Griffin and Lee reported simultaneous accounts of carbonyl ylide 
formation from epoxides and their sequential cycloaddition to dipolarophiles. Griffin, 
unable to trap carbonyl ylides generated from stilbene oxide from his earlier reports 
(Scheme 1.15), began to examine the photochemical properties of donor acceptor epoxides  
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Scheme 1.16— Photoinduced and triplet sensitized generation of carbonyl ylides from donor acceptor 
epoxides. a reaction performed with hν (>350 nm).  
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like those used by Roberts for thermally induced carbonyl ylide formation (Scheme 1.8).21 
Using epoxides of the general structure of 1.115 cycloaddition to variety of dipolarophiles 
(1.116) were reported to afford highly substituted cyclic ethers (1.117) (Scheme 1.16a). 
Dipolarophiles used include 2,3-dimethyl-2-butene (1.118), isobutylene (1.119), ethylene 
(1.120), and ethyne (1.121), which all reacted in modest to excellent yield (51-90%) 
(Scheme 1.16b). Substituted epoxides on the aryl group (p-CN and p-OMe) were also 
employed, affording the desired products in poor to modest yields (1.122 and 1.123, 
respectively) (34-60%). The latter example proceeded in a regioselective manner, 
demonstrating the expected charge localization of donor acceptor epoxides. To end, a THF 
bearing an α-naphthyl aryl group was obtained in good yield (78%) using a longer 
wavelength of light, to accommodate the absorbance of the epoxide.  
In search of a general method to access carbonyl ylides, Griffin explored the use of 
triplet sensitizers for carbonyl ylide formation. Triplet sensitization allows for a molecule 
to harvest light and transfer that energy selectively to another molecule. The benefit of this 
mode of reactivity is that by avoiding direct excitation of the reacting substrate, which can 
lead to undesired pathways, the reaction is channeled directly to a desired outcome. The 
success of a planned reaction can be evaluated hypothetically by considering the triplet 
energies of the reacting substrate and the triplet sensitizer (Equation 1) 
 ∆𝐸𝑇 = 𝐸𝑇(𝐴) − 𝐸𝑇(𝐷) (1) 
In short, if the difference in triplet energies of acceptor and donor is negative 
(−∆𝐸𝑇) then the reaction is expected to be exergonic, whereas if positive (+∆𝐸𝑇), is 
expected to be endergonic. A recent review is cited and recommended to fill in the gaps.87 
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In Griffin’s work it was found that triplet sensitizers like benzophenone (1.129) and 
anthraquinone (1.130) could catalyze the formation carbonyl ylide from 1.125, which can 
be trapped in high yields with isobutylene (1.126) to afford 1.127 in excellent yield (90%) 
(Scheme 1.16c). The identity of the ylide, whether singlet or triplet, can be cautiously 
assigned as singlet due to the exclusive regioselective outcome. This result presented a 
thought-provoking possibility towards a general and efficient method for the generation of 
carbonyl ylides from epoxides, but there were clear red flags that the mechanism in play 
was not of a triplet sensitization event. First, evaluation of the difference in energies 
between epoxide 1.125 (79-84 kcal/mol) and benzophenone (69 kcal/mol) (1.129) or 
anthraquinone (62 kcal/mol) (1.130) shows that both energy transfer events would be 
expected to be endergonic. Second, the use of acetone (79 kcal/mol) (1.128), which would 
have a more suitable triplet energy, was found to be infective. In response to these 
observations, the authors hypothesized that the use of benzene (PhH) (1.131) as a solvent 
(84 kcal/mol) in combination with 1.129 or 1.130 created a unique scenario, where these 
were acting concertedly to elicit triplet sensitization of epoxide 1.125. Although 
imaginative of the authors, this picture does not bring clarity to the mechanism of the 
reaction nor follows established doctrines of triplet energy transfer. A clear, impregnable 
mechanism that can explain these observations would be eventually provided by Arnold 
and Albini (vide infra). On the other hand, these experiments brought use of carbonyl ylides 
generated from epoxide closer to practicality and the ingenuity to move away from direct 
excitation of the epoxide cannot go unnoticed.  
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A last observation provided in this work was the confirmation that photogenerated 
carbonyl ylides engage in concerted cycloadditions, retaining the relative stereochemistry 
of the dipolarophile. This was demonstrated by trapping trans-2-butene (1.133) and cis-2-
butene (1.134) to afford 1.135-36 and 1.136-37, respectively, in excellent yield and modest 
selectivity.  
Within the same journal volume, Lee reported the trapping of carbonyl ylides 
generated from trans and cis stilbene oxide (1.139) with methyl acrylate (1.140) to afford 
highly substituted THFs (1.141) (Scheme 1.17a).20 Interestingly, Lee reported that ketone 
1.142 is the major undesired product observed from these reactions. Seemingly, 1.142 
arises via excitation and relaxation through C-O bond cleavage, followed by 1,2-hydride 
or hydrogen shift. It is not clear whether the C-O bond cleavage occurs through homolysis 
or heterolysis. Before discussing the distribution of products obtained from these reactions 
it is pertinent to consider the fate of the photo generated carbonyl ylide if not trapped by 
the dipolarophile. Whereas in the thermal, conrotatory generation of carbonyl ylides 
thermally allowed conrotatory closure would regenerate the epoxide with its original 
geometry (trans  exo, exo  trans), photochemically, that is no longer the case. The path 
towards carbonyl ylide formation now proceed through a disrotatory manner and closure, 
like before, is a thermal process. This leads to a conrotatory closure. The consequence of 
this is an isomerization process (trans  exo, endo  cis) that occurs in parallel with 
cycloaddition. 
This lowers the diastereoselectivity of the resulting product (Scheme 1.17b) via 
carbonyl ylide formation from the emerging cis epoxides and sequential cycloaddition.  
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Scheme 1.17 — Photoinduced and triplet sensitized formation of carbonyl ylides from trans and cis stilbene 
oxide 1.139. 
With that, cycloaddition of trans 1.139 with methyl acrylate 1.140 in acetonitrile 
(MeCN) or PhH leads to four diastereomers (1.143-6) in 18-23% yield. The main take-
away from these reactions is that the two major diastereomers are exo, endo derived and 
only minor amounts are due to the exo, exo carbonyl ylide (Scheme 1.17a). This 
demonstrates that carbonyl ylide cycloaddition is kinetically faster than thermally allowed 
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ring closure. The same observation was made with cis 1.139. Although solvent choice 
seems to have a subtle influence on selectivity, the low yields of the reaction warrants 
caution in making generalizable assumptions. The stereospecificity of these reactions was 
not assessed. 
This was likely the consequence of the UV absorbance of trans and cis LUMO 
dipolarophiles (such as dimethyl fumarate or maleate), which would lead to their light 
promoted isomerization and a false perception of the stereochemical course of the reaction. 
Cycloadditions to other dipolarophiles, including maleic anhydride, were also reported. 
Like Griffin, Lee also described the sensitized formation of carbonyl ylides from 
trans and cis 1.139 and their cycloaddition to methyl acrylate 1.140 in the presence of 
acetone as a sensitizer (Scheme 1.17c). Remarkably these reactions proceed in quantitative 
yields and, strangely, both epoxides are reported to afford the same selectivity d.r. 
40:27:23:10 — d.r. follows the same order as they are illustrated. Whereas Griffin’s work 
had some problematic conclusions, the high triplet energy of acetone (79 kcal/mol) makes 
this scenario much harder to evaluate. As previously stated, efforts by Arnold and Albini 
will bring clarity to the possible mechanism in play and provide evidence for a common 
intermediate that may lead to similar selectivity regardless of epoxide geometry. In 1978, 
Lee also reported the generation of carbonyl ylides derived from chalcone oxides.88  
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Scheme 1.18 — Photoinduced carbonyl ylide formation of epoxide 1.147. 
Near the end 1976, Huisgen added his last entry into this area with a historical 
footnote: “Recent papers by Griffin et. al. and of Lee on the interception of photogenerated 
carbonyl ylides by 1,3 dipolar cycloaddition prompted us to report photochemical 
experiments which we carried out in 1972.”19 Within this study, using epoxide trans or cis 
1.147 — which was used by Huisgen in a study highlighted in Scheme 1.5 to study the 
stereochemical progression of thermal induced carbonyl ylide formation and cycloaddition 
— it was found that photoinduced formation of carbonyl ylide and cycloaddition to 
dimethyl fumarate (1.148) proceeded with retention of dipolarophile stereochemistry 
(Scheme 1.18a). Isolation of epoxide 1.150, in the case of trans 1.147, as a mixture of 
diastereomers (d.r. 85:15) confirms the aforementioned isomerization pathway available to 
photochemically derived carbonyl ylides.  
As expected, for reasons previously stated, these cycloadditions lead to 
diastereomeric mixture of products that are due to both exo, exo and exo, endo carbonyl 
ylides. For clarity, the product distribution due to cis and trans 1.147 are reported with 
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reference as to which carbonyl ylide they arise from (Scheme 1.18b). In this manner we 
can see two important themes regarding the distribution of products that is to be expected 
from epoxides possessing additional substitution, in this case the cyano group, that may 
lead to pronounce A1,3 steric effects. (1) Photochemically generated carbonyl ylides from 
trans 1.147 will have lower selectivity for the exo, endo conformer due to possible facile 
equilibration to the exo, exo carbonyl ylide, which can compete with cycloaddition. (2) 
Carbonyl ylides derived from cis epoxide will have high selectivity for exo, exo comformer 
due to little to no equilibration with the exo, endo carbonyl ylide, which cannot compete 
with cycloaddition. These implications are clearly reflected experimentally by Huisgen 
results (Scheme 1.18b). In chapter 5, these ideals will be considered for tactical use in target 
oriented synthesis.  
 
Scheme 1.19 — Arnold and Albini studies on the photoinduced generation of carbonyl ylides a hν (>250 
nm) b13.3 equiv. of acetone. 
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Two years after Griffin, Lee, and Huisgen’s disclosures, Arnold and Albini 
provided, in our opinion, the longest lasting advancement in this field.89 Inspired by the 
chemistry of β-phenethyl ethers,90 which undergo C-C bond scission after single electron 
transfer (SET) oxidation, they hypothesized that epoxides 1.151 might undergo the same 
process, but after back electron transfer generate a carbonyl ylide (Scheme 1.19a). In this 
regard, they first started by investigating direct excitation of epoxide 1.151 in the presence 
of acrylonitrile (1.152). Photolysis of trans or cis 1.151 not surprisingly leads to low yields 
23-25% of THFs (1.153, due to exo, exo and 1.54, due to exo, endo) (Scheme 1.19b, entry 
1 and 2). As expected, trans 1.151 leads to preferential formation of exo, endo carbonyl 
ylide, whereas cis 1.151 leads to exo, exo. Both these reactions produce minor amounts of 
the unexpected carbonyl ylide due to allow isomerization of the epoxide. When probing 
the reaction with catalytic amounts (13 mol %) of a photoinduced electron transfer 
sensitizer, now recognized as a photoredox catalyst, namely, 1,4 dicyanonapthalene 
(1.155), the reaction proceeded in quantitative yield (100%) with either cis or trans 1.151. 
Notably, whereas direct excitation leads to preferential formation of a carbonyl ylide 
conformer depending on epoxide geometry, in these reactions the prefer conformer for both 
cis and trans 1.151 is exo, exo carbonyl ylide (~7:1 from cis 1.151 and ~2:1 from trans 
1.151). Additionally, the authors explored triplet sensitized carbonyl ylide formation with 
acetone as described by Lee. They obtained significantly lower yields (42-57%, entry 5 
and 6), though MeCN was used as opposed to PhH. The product distribution obtained 
favored the exo, exo conformer.  
36 
 
 
Scheme 1.20 — [3+2] dipolar cycloaddition to trans and cis dinitriles dipolarophiles (1.156). 
To demonstrate that the reactive species is a carbonyl ylide and not an open-shell 
intermediate trapping of cis and trans dinitriles (1.156) were examined (Scheme 1.20a). In 
the presence of these dipolarophiles, with either trans or cis epoxide (1.151), the reaction 
proceeded in a stereoselective manner with respects to the dipolarophile, asserting the 
intermediacy of a carbonyl ylide. A complete account of the resulting product distribution 
is described in Scheme 1.20b. Relevant to the incoming mechanistic discussion is the 
relative ratio of products that arise from the exo, exo and exo, endo carbonyl ylides. As was 
the case with acrylonitrile (1.152), carbonyl ylide formation from cis and trans epoxides 
produces a relative ratio of ~7:1 and ~2:1, respectively, preferring the exo, exo conformer. 
This makes clear that the ylide distribution is not affected by the identity of the 
dipolarophile.  
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Scheme 1.21 — Proposed mechanism for photoredox generation of carbonyl ylide from stilbene oxides. 
Mechanistically, Arnold and Albini propose that the reaction commences with 
excitation of DCN to its singlet excited state DCN*. Encounter with trans or cis 1.151 leads 
to diffusion control quenching of DCN* (kq
t= 0.98•1010 and kqc= 1.16•1010 s-1M-1, 
respectively). Quenching of DCN* can take various forms (for example, energy transfer, 
charge-transfer, exciplex, etc.) but thermochemical (∆𝐺𝑃𝐸𝑇) consideration of the excited 
state redox potential of DCN* (+2.1 V vs. Ag/Ag+) and the ground state redox potential of 
trans or cis 1.151 (+1.88 V and 1.89V vs. Ag/Ag+, respectively) suggest a favorable 
reductive quenching of DCN* (Scheme 1.21, Step 1). 
Much like triplet energy sensitization (vide supra), the thermodynamics or 
likelihood of a redox event can be anticipated by considering the redox potentials of the 
two participating species within Gibbs energy of photoinduced electron transfer (PET) 
equation (not shown), commonly referred to as the Rehm-Weller equation. By omitting the 
electrostatic “w” term within this equation, which is highly system dependent and generally 
of small magnitude (<0.1 eV), one can arrive at a simpler function (Equation 2) that only 
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considers the excited state redox potential of the catalyst (E*(A)) and the ground state redox 
potential of the epoxide (E(D)). The outcome of this equation becomes an estimation by 
ignoring the electrostatic term. Hitherto, experience gained from copious examples 
demonstrates that this calculation provides valuable insight on the feasibility of the 
proposed electron transfer events.  
 ∆𝐺𝑃𝐸𝑇 = −𝐸
∗(𝐴) + 𝐸(𝐷) (2) 
In general, evaluating the thermochemistry of redox reactions is a simple operation 
if the redox potential of each species is available and it provides a solid foundation for 
proposing reaction mechanisms. Recent reviews of this topic are cited and very much 
recommended.91–95 
Moving forward, calculation of the thermodynamics of SET from 1.151 to DCN* 
reveals that this process is exergonic (∆GPET= -0.22 V), validating its proposal. For 
bookkeeping purposes, the authors propose that this electron comes from the phenyl group 
and not the epoxide. This view is found by considering the ground state redox potentials 
of the individual components of 1.151, phenyl group and unsubstituted epoxide, with the 
former being closer in value to that of 1.151. The resulting radical cation 1.157 is then 
proposed to undergo non-stereospecific C-C bond cleavage (Scheme 1.21, step 2), which 
affords a mixture of non-equilibrating oxonium radicals 1.158 and 1.159. The relative ratio 
is dependent on epoxide geometry (trans or cis). If the reaction were to be stereospecific 
than fragmentation of trans epoxide through a thermally allowed conrotatory fashion 
should lead to a higher exo, exo to exo, endo ratio. Instead, cis epoxide affords the highest 
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exo, exo to exo, endo ratio (~7:1 vs. ~2:1). This observation alludes to a stepwise 
fragmentation or a process that does not follow orbital symmetry.  
The non-equilibrating state of these species is assumed from the premise that 
carbonyl ylides are non-equilibrating at low temperature. This was demonstrated by 
Huisgen in the study described in Scheme 1.5. Thus, it is hypothesized that oxonium 
radicals 1.158-9, which are similar systems to carbonyl ylides, do not undergo equilibration 
at low temperatures (Scheme 1.21, step 3) and their resulting ratio is only dependent on the 
relative modes of fragmentation of 1.157. In fact, the authors go on to explicitly state that 
“once formed [oxonium radicals] preserve stereochemical integrity [exo, exo or exo, 
endo]”.  
Carbonyl ylide (1.160-1) generation then follows via back electron transfer from 
reduced DCN•˗ to an oxonium radical (1.158 or 1.159) (Scheme 1.21, step 4). Although 
data concerning this step is lacking, the authors suggest that 1.158-9 remain in a “reducing 
environment”; that is, near DCN•˗. This leads to fast back electron transfer and carbonyl 
ylide formation, presumably through Columbic attraction. Carbonyl ylide (1.160-1) 
interception then proceeds stereoselectively, providing physical evidence for a closed-shell 
intermediate. Equilibration between exo, exo 1.161 and exo, endo 1.160 is highly unlikely 
for reasons already stated. Accordingly, once generated these proceed to undergo [3+2] 
dipolar cycloaddition or thermally allowed cyclization back to epoxides. 
If the proposed mechanism is accurate, then in the absence of dipolarophile an 
isomerization process of cis epoxides to trans would be expected. This is so because 
regardless of epoxide geometry exo, exo oxonium radical 1.159 is preferred. As expected, 
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when cis epoxide was irradiated in the absence of a dipolarophile cis  trans isomerization 
occurred, affording trans 1.151 in d.r. ~3.5:1.  
This discussion summarizes Arnold and Albini’s work on interpreting the 
mechanism for carbonyl ylide formation. Although only direct evidence for three of the 
five mechanistic steps was provided, an overall mechanistic picture was painted. This 
disclosure prompted efforts by physical (Griffin and Das), theoretical (Houk), and organic 
(Whiting) chemists to realize a complete description of the mechanism and the application 
of photoredox generated carbonyl ylides in a practical setting.  
With regard to Griffin’s proposal of an energy transfer mechanism (Scheme 1.16), 
the excited state oxidation potential of benzophenone (1.129) (+1.5 V vs. SCE) and 
anthraquinone (1.130) (+1.77 V vs. SCE) are well suited to undergo single electron transfer 
oxidation of organic molecules.95 Although the oxidation potential of epoxide 1.127 is 
unknown, conjugated systems like β-naphthalene are known to oxidize at lower oxidation 
potentials than phenyl groups. We believe that the sensitization event occurring in Griffin’s 
work is not of a triplet energy transfer but rather a PET. That is not to say that triplet 
sensitization of epoxides is not possible. In fact, analysis of this form on Lee’s work 
(Scheme 1.17) shows that acetone has a low excited state oxidation potential (+0.8 V vs. 
Ag/Ag+) and single electron transfer oxidation of stilbene oxides (1.139) would be 
endergonic by ~25 kcal/mol (or +1.1 V). Therefore, it is reasonable to propose that triplet 
sensitization is occurring in reactions mediated by acetone. Although this mode of 
activation was not further explored by others, new paradigms in this area makes it 
worthwhile to reenter this reaction.87 In our studies we have focused primarily on the SET 
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model because of the known progression of trans/cis isomerization of dipolarophiles in the 
presence of triplet sensitizers. This occurrence undermines efforts in developing 
stereoselective access to cyclic ethers. 
In 1980, Houk and coworkers divulged theoretical studies to explain the effect of 
substitution on carbonyl ylide behavior.96 The main conclusions that were obtained are the 
following: carbonyl ylides are planar intermediates whose charges are fully delocalize on 
the three atoms that compose its zwitterion. Substitution on the carbonyl ylide stabilize 
charges through localization, which also affects their frontier molecular orbital reactivity. 
It is predicted (and at this point it has been experimentally verified) that carbonyl ylides 
are HOMO controlled but if substituted with EWGs, these can act as a LUMO 1,3-dipoles. 
Substitution lowers the barrier to rotation and isomerization of carbonyl ylides (for 
example, exo, endo  exo, exo). We have seen this experimentally with the work by 
Huisgen, which established that cyano substituted epoxides are more prone to 
isomerization at lower temperatures than say, diaryl epoxides.  
 
Scheme 1.22 — Relative energies of carbonyl ylide and oxonium radical (Hydrogens omitted for clarity). 
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Why do carbonyl ylides require such a high thermal input to undergo 
isomerization? Orbital analysis indicates that in order for carbonyl ylides to isomerize they 
need to move from a sp2, conjugated to a sp
3, pyramidalize hybridization. Houk determined 
that pyramidalization 1.166  1.167 is an uphill process and generates a higher energy 
intermediate (+39 kcal/mol, in the simple case of ethylene oxide) (Scheme 1.22). 
Furthermore, his calculations predict that greater degree of substitution on carbonyl ylides 
lead to more facile rotation. Interestingly, he also calculated that oxonium radical formation 
1.164 (from 1.163) is exothermic and its rotation would be significantly less costly than 
rotation about the carbonyl ylide by a factor of four (10 kcal/mol vs. 39 kcal/mol) (Scheme 
1.22). The authors posit that this is the reason for lack of selectivity observed in the 
photoredox manifold for carbonyl ylide formation, which is in contrast to Arnold and 
Albini’s proposal that these species do not equilibrate. The implications of these 
calculations experimentally is that oxonium radical equilibration, if real, should be 
significantly more sensitive to temperature and substitution. 
The only example in the literature that substantiates this latter point was presented 
by Griffin and coworkers, in 1981.46 Within this work parameters that affect the [3+2] 
dipolar cycloaddition using thermal, photochemical, and photoredox catalyzed activation 
were examined. Pertinent to the current discussion is the photochemical cycloaddition of 
carbonyl ylides derived from epoxides such as 1.168 and 1.169 (Scheme 1.23). 
Photochemical activation of these epoxides and [3+2] reaction with fumaronitrile affords 
1.170 exclusively. In the case of 1.169 (Equation 2), this is not surprising since photolysis 
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would generate exo, exo carbonyl ylide. But 1.168 (Equation 1) should generate exo, endo 
disposed ylide. Yet, no products were detected due to the expected conformer.  
 
Scheme 1.23 — Exclusive formation of exo, exo carbonyl ylide from a highly substituted epoxide.  
Several scenarios could be proposed that produces this result. (1) Generation of exo, 
endo carbonyl ylide followed by thermally allowed conrotatory ring closure to epoxide 
1.168, which after a second photolysis event generates exo, exo carbonyl ylides. (2) 
Disallowed conrotatory ring opening of 1.168 to exo, exo carbonyl ylide. (3) Equilibration 
of exo, endo  exo, exo carbonyl ylide driven by pronounce A1,3 steric interactions. The 
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authors approached this problem by examining the transient absorption spectra of these 
epoxides and found that photolysis of 1.168 and 1.169 individually produce the same 
absorption spectra.  
The circumstance that they have the same spectra indicate generation of the same 
intermediate, namely, exo, exo carbonyl ylide (1.171). This eliminates scenario (1) since 
the faith of epoxide is directly observed spectroscopically and closure to epoxide on the 
measure time scale was not observed. Scenario (2) is possible, since exo, exo carbonyl ylide 
was exclusively observed. Scenario (3) is also probable and it would be contingent on a 
fast equilibration that precludes detection.  
It is not clear which of these two progressions is occurring but Huisgen has already 
demonstrated that carbonyl ylides can equilibrate and this is substantially affected by A1,3 
steric and/or temperature. Furthermore, Houk’s calculations show that rotation is more 
facile with higher substituted carbonyl ylides. As a result, we prefer to adopt scenario 3 
(Scheme 1.23b) given the supporting evidence that has been established towards this view. 
When carbonyl ylides from 1.168 and 1.169 are trapped under photoredox conditions they 
also afford 1.170 exclusively. We believe that just like carbonyl ylides, oxonium radicals 
can also equilibrate and these are affected by the same factors. Accordingly, moving 
forward we will adapt this view for step 3 in the mechanism for photoredox generation of 
carbonyl ylides (Scheme 1.21).  
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Scheme 1.24 — All steps leading to carbonyl ylide formation occur in the presence of DCN. 
In 1984, Das and coworkers published a series of studies documenting the behavior 
of carbonyl ylides generated by direct excitation and through photoredox catalysis. They 
found that photolysis of cis and trans stilbene oxide generated exo, exo and exo, endo 
carbonyl ylides, respectively, and that these were spectrally and kinetically distinct from 
each other.97–99 Furthermore, they found that at room temperature they do not equilibrate. 
Interestingly, in comparison to thermally derived carbonyl ylides, they found that the 
activation enthalpy for ylide formation was significantly lower, 6-7 kcal/mol (compared to 
Crawford’s study of 37-43 kcal/mol, Scheme 1.6). Moreover, bimolecular reactions with 
LUMO dipolarophiles were observed to occur with fast and almost diffusion controlled 
kinetics (106-109 M-1 s-1).  
In a sequential study, Das and coworkers observed the behavior of carbonyl ylides 
generated with DCN (1.115) through laser flash photolysis (Scheme 1.24).100 Here, they 
detected the formation of a mixture of exo, exo and exo, endo carbonyl ylides from trans 
1.173 and that these were spectrally distinct from each other. This was expected, since 
formation of carbonyl ylides is understood to proceed through an oxonium radical 
intermediate. However, the transient absorption of DCN•˗ or isomeric oxonium radicals 
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(1.174 and 1.175) were not observed. That’s not to say that oxonium radicals are not 
intermediates en route to carbonyl ylides. In fact, on a separate study, Das confirmed the 
intermediacy of kinetically and spectrally distinct isomeric oxonium radicals using a model 
epoxide.101 So why are oxonium radicals then not detectable with an epoxide like 1.173? 
fast back electron transfers. This is so fast that it impedes oxonium radical or DCN•˗ 
detection. This led Das and coworkers to postulate that oxonium radicals and DCN•˗ 
maintain close association all the way until carbonyl ylide formation (Scheme 1.24). These 
studies represent the last data that were gathered towards understanding the mechanism of 
photoredox generation carbonyl ylides.  
 
Scheme 1.25 — Use of DCA enables the use of epoxides with small HOMO-LUMO gaps. 
Within the same year, Whiting and coworkers publish their first disclosure in the 
attempted implementation of these intermediates in total synthesis (other attempts were 
highlighted in the thermal section).102,103 Specifically, they were interested in accessing 
2,5-diaryl THFs classical lignans, like 1.1 (Figure 1.1), using DCN as a photoredox 
catalyst. As methoxy and hydroxyl group substitution on the aryl groups are enduring 
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features of classical lignan natural products, they began by studying epoxide 1.178 
(Scheme 1.25). When they submitted 1.178 to [3+2] dipolar cycloaddition with DMAD in 
the presence of DCN quantitative isolation of C-O bond cleaved products 1.179 and 1.180 
was obtained. The authors posited that the smaller HOMO-LUMO gap of 1.178 might have 
shifted its absorbance to longer wavelengths of lights; thus, products detected from this 
reaction would have been due to direct excitation of the epoxide and not from catalysis. 
Logically, they looked for a catalyst that absorbed longer wavelengths of light and was still 
known to possess a high excited state oxidation potential. They identified DCA as a suitable 
photoredox catalyst (λmax= 422 nm, +1.99 V vs. SCE) and found that it could catalyze the 
desired reaction and obtain 1.182 in modest yields and selectivity (54%, d.r. ~1:1). 
Unfortunately, the use of this reaction in target oriented sense was never realized. These 
studies represent the last attempt devoted towards generating carbonyl ylides through a 
photoredox manifold. From 1990 until now, only scarce reports of photochemical 
generation of carbonyl ylides have been divulged. For a complete story, we cite all 
instances of carbonyl ylide formation from epoxides that are known to us and that were not 
reviewed.104–109 
1.4 Conclusion 
Highlighted here are, to our knowledge, the most important contributions that have 
been made towards the generation of carbonyl ylides from epoxides. It is our impression 
that these methods are often underdeveloped due to the high energies needed to elicit their 
generation. Moreover, of the methods that can efficiently form these intermediates, such 
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as Lewis acid catalysis of donor-acceptor epoxides, functional group requirements limit 
their use in more complex synthetic undertakings.  
We were particularly drawn to the generation of carbonyl ylides through 
photoredox catalysis. This field has seen a resurgence in the last decade and although some 
knowledge had been built by various players, much was left to be shown regarding the 
limitations of this method. In the summer of 2015, we initiated a program towards evolving 
further the data known of photoredox generated carbonyl ylides from epoxides with the 
expectation that these could be used for natural product total synthesis. The outcome of 
this study is presented in detail in the incoming chapters. 
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CHAPTER 2 
Electronically Diverse Carbonyl Ylides: Two Acts and Two Actors  
2.1 Introduction 
A thorough review of modes of activation of epoxides to carbonyl ylides identified 
works by Whiting, Arnold and Albini as a proper starting point for synthesis of cyclic 
ethers.1–3 Methodology scouting using 9, 10-dicyanoanthracene (DCA) (+1.99 V vs. SCE), 
a photoredox catalyst that was previously found suitable for carbonyl ylide generation, 
identified major limitations with respect to the epoxides that could be engaged in carbonyl 
ylide formation. In summary, whereas electron neutral epoxides were found to participate 
in [3+2] dipolar cycloaddition in good to excellent yields, electron deficient and rich 
epoxides remained unreacted. This led to empirical and theoretical mechanistic studies that 
directed the design and synthesis of two new photoredox catalysts that in parallel are able 
to generate electronically diverse carbonyl ylides.  
In the case of electron-deficient epoxides, it was surmised that a catalyst that could 
render the initial single electron transfer (SET) from epoxide to catalyst more 
thermodynamically favorable was required. To this end, we designed and synthesized 4-
mesityl-2,6-di-p-tolylpyrylium tetrafluoroborate (MD(p-tol)PT), among other congeners, 
which comprised a 2,6-diaryl pyrylium chromophore that had a high excited state redox 
potential (+2.27 V vs. SCE) and a 4-mesityl component that was critical to save catalysis 
from decomposition pathways.4 When using MD(p-tol)PT electron-deficient and neutral 
epoxides were found to participate in [3+2] dipolar cycloaddition in good to excellent 
yields. Importantly, substituted benzylic epoxides with flanking alkyl, alkene, and alkynyl 
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groups were found to also be reactive, demonstrating a complete departure from the 
established dogma that diaryl epoxides were necessary for reactivity. Unfortunately, 
electron-rich epoxides were unworkable with this catalyst. This was attributed to the known 
Lewis acidity of pyrylium catalysts, which catalyzed their Meinwald rearrangement to 
aldehydes.  
Unable to access electron-rich carbonyl ylides we began to reassess why DCA 
could not catalyze the reaction. Through a combination of experimental observations, 
involving 1H NMR and UV-Vis studies, the mechanism of inactivity was unraveled: 
arrested catalysis, by an emerging π to π, charge-transfer complex between electron-rich 
epoxides and the electron-deficient DCA. This led to the design and synthesis of 2, 6-di-
tert-butylanthracene-9, 10-dicarbonitrile (DTAC) (+1.81 V vs. SCE), which we posited 
would resist CT complex formation through steric repulsion.5 To put this into context, prior 
to conception of this idea there were no documented examples of inhibition of catalysis 
through this mode of action and only scarce reports of CT complex disruption through 
steric repulsion. DTAC was found to catalyze the formation of carbonyl ylides of electron-
rich epoxides for their subsequent [3+2] dipolar cycloaddition in excellent yields. This 
provided a complementary approach to MD(p-tol)PT and together these catalysts were 
primed to showcase carbonyl ylide use in more complex synthetic endeavors.  
Within this chapter, the trials and tribulations that led to the discovery of these 
catalysts are described. Moreover, thoughtful discussions regarding future application of 
these photocatalysts and how they might be modified for other undertakings are also 
defined.  
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2.2 Proposed Mechanism for Photoredox Generation of Carbonyl Ylides 
 
Figure 2.1— Proposed mechanism for photoredox catalyzed carbonyl ylide formation.  
We propose a mechanistic depiction as to how we believe carbonyl ylide formation 
occurs. Our proposed mechanism of the reaction is described in its entirety in Figure 2.1. 
Excitation of a photoredox catalyst (PC, 2.1) is instigated through photon stimulation with 
an appropriate light source. This generates an excited PC (2.2) that, if thermochemical 
considerations are met, can reductively quench epoxides (2.4) to generate a reduced 
catalyst and an epoxide radical cation (2.5). From this point forward, when using neutral 
catalyst (like 2.11), all subsequent steps regarding the oxidized epoxide take place in the 
presence of reduced PC (2.3). This occurs through Coulumbic attraction and was 
unequivocally demonstrated by laser flash photolysis studies by Das.6 Generally, this view 
will be adapted only with neutral catalyst, as opposed to a cationic based catalyst which 
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after reduction have no net charge (see below). Within the same solvent cage as 2.3, radical 
cation 2.5 undergoes non-stereospecific carbon-carbon bond cleavage to form a mixture of 
oxonium radicals 2.6 and 2.7, favoring the latter.3,7 It is not clear whether 2.6 and 2.7 can 
equilibrate within the short time that they exist. We believe that this equilibration is 
possible with high enough temperatures or substituents that lead to pronounce A1,3 strain. 
This presumption is grounded on two observations: First, highly substituted epoxides lead 
to a single exo, exo conformer under photoredox conditions as shown by Griffin8 and, 
second, Houk’s9 calculations found that oxonium radicals have a significant low barrier to 
rotation. Coulombic attraction leads to fast back electron transfer from 2.3 to 2.6 or 2.7, 
generating isomerically and kinetically distinct carbonyl ylides 2.8 or 2.9.10–12 
Equilibration of these is also possible as established by Huisgen13,14; however, this only 
occurs at very high temperatures (system dependent) or under significant A1,3 strain. 
Overall, it can be said that carbonyl ylide formation proceeds through two equilibrations 
and the factors that dominate their directionality are the same: temperature and A1,3 strain. 
Only two photoredox catalyst have been identified to be functional in this catalytic 
cycle: DCA (2.11) and DCN (2.10), which populate their singlet excited state effectively 
with modest lifetimes.1,3 It is important to mention the excited state lifetime of a catalyst 
but the reality is that these are rarely use for hypothesis design. Nonetheless, we cite 
sources here were these values are made available.15 Although DCN enjoys a higher 
excited state oxidation potential it requires UV light for excitation, which undermines 
efforts in advancing this chemistry to higher substituted epoxides. Substituted epoxides, 
particularly in the aryl groups, have narrower HOMO-LUMO gaps and, consequently, red-
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shifted absorbance in the range of 300-400 nm.16 Thus, use of light sources appropriate for 
DCN (λmax= 325 nm) typically leads to direct excitation of epoxides. Although carbonyl 
ylide formation is accessible from direct excitation the major pathway to relaxation is 
carbon-oxygen bond cleavage, leading to poor yields of the desired cyclic ethers (see 
Chapter 1). Therefore, we have limited our studies to catalyst that absorb visible light (>400 
nm), such as DCA (2.11).  
Electrochemical characterization of epoxides (2.12) can be challenging due to their 
often non-reversible redox events.17 Therefore, the measured oxidation potentials do not 
have thermodynamic significance; yet, measured currents at half-peak potentials still have 
shown to be useful for hypothesis building. Known half-peak oxidation potentials of 
epoxides are shown in Figure 2.1 and these are used to drive propositions. The obvious 
trend is that as epoxides become more electron-rich their oxidation potential depresses and 
vice versa.  
There are two clear limitations to carbonyl ylide formation that hinder their use as 
a strategic transform in target oriented synthesis. Whiting, the last person to contribute to 
this area, summarized them concisely: “From a synthetic viewpoint these reactions are 
somewhat disappointing; the carbon-carbon ring cleavage of [epoxides] can be 
accomplished, and the resulting intermediate trapped by [dipolarophiles]. However, the 
reactions are sluggish and importantly, non-stereospecific.” 2 
Accordingly, the two key questions that our studies aimed to address are:  
(1) What are the limitations to carbonyl ylide formation?  
(2) Can we access geometrical defined carbonyl ylides?  
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As it will be apparent through the progression of these incoming chapters we have 
been able to answer the former but unfortunately, much knowledge is left to be gain to 
inform the latter. Proposals can be found within the upcoming sections to guide future 
studies. 
2.3 Method Scouting with DCA  
We undertook the challenge of generating carbonyl ylides efficiently and began to 
explore their reactivity with DCA. Since data existed regarding the scope of dipolarophile 
that could participate in this reaction we primarily focused on addressing the limitations 
with respect to carbonyl ylide generation. As a result, we started by optimizing conditions 
around epoxide 2.13 and DMAD (2.15) as a dipolarophile. In doing so we would reduce 
the possibility of products to just two and also get direct information of the ratio of carbonyl 
ylide, exo, exo to exo, endo, produced. Moreover, when possible we preferred to work with 
the cis epoxide to obtain high selectivity — cis epoxides lead to high exo, exo to exo, endo 
ratio. Although this parameter ultimately does not inform the reactivity of carbonyl ylides, 
high selectivity is always coveted in our field. We proceeded in this manner with the hopes 
of at some point reporting our findings. 
After a few rounds of optimization, we found little changes to the conditions 
reported by Whiting. 2.13 undergoes facile [3+2] dipolar cycloaddition to DMAD in the 
presence of 1 mol% of DCA in degassed CHCl3 after 24-48 h, affording 2.14 in high yields 
(95%, d.r. 6:1). Virtually any available aprotic solvent capable of solvating DCA was found 
to be effective (including PhMe, CH2Cl2, and MeCN among others). During our initial 
studies, we used white light (λmax= >400 nm) as a source of photons but later on we adapted 
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a blue light emitting diode (LEDs) set-up that was more welcoming to the eyes. Moreover, 
a slight excess of epoxides (1.2 equiv.) was originally used in our method, but we have 
since made epoxide the limiting reagent.  
 
Scheme 2.1 — Optimization, scope, and limitations of DCA. 
We began to study the scope of carbonyl ylide formation and found that various 
epoxides could participate in the reaction (Scheme 2.1b). If the diastereoselectivity of the 
reaction exceeds d.r. >4:1 than a cis epoxide was used. Relatively more electron-rich 
epoxides were found to participate in the reaction to afford dihydrofurans 2.16-2.18 in good 
to excellent yields (67-99%). Functional groups among these include halides, alkyl ethers 
and an extended conjugated system. Moreover, heterocycles like furan 2.20 and thiophenes 
2.19, common in drug-like molecules, were also found to work in modest to excellent yield 
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(63-99%). The loss of mass balance in some of these reactions could be attributed to 
formation of aldehyde 2.21, which is presumed to arise through carbon-oxygen bond 
cleavage after SET oxidation, followed by aryl migration, and back electron transfer.  
Unfortunately, early progress made working with DCA was quickly challenged 
once it was found that electron-deficient 2.22 and electron-rich 2.23 could not participate 
in the reaction. The failure of the latter was particularly discouraging, since our initial 
impetus aimed to use these substrates for synthesis of natural products. 
2.4 Act 1: Design and Synthesis of Pyrylium Catalyst for Generation of Electron-
Deficient Carbonyl Ylides 
Although a solution towards carbonyl ylides from 2.23 was not immediately 
reachable a working hypothesis was quickly considered towards 2.22. We surmised that 
epoxides with electron-withdrawing groups would be more challenging to oxidize and the 
excited state oxidation potential of DCA (+1.99 V vs. SCE) was too low. Therefore, any 
designed electron transfer from epoxide to catalyst would be endergonic. In concept, the 
greater the magnitude of the difference of the redox potential between electron donor and 
acceptor the more exergonic an electron transfer event is expected to be.15,18–20 As such, 
we hypothesized that a catalyst that had a higher excited state oxidation potential would be 
able to mitigate the thermochemical faults of DCA and permit access to carbonyl ylides 
from 2.22. Moreover, we believed that this solution would possibly be applicable to 2.23, 
since the exothermicity of an electron transfer from 2.23 to a higher oxidizing catalyst 
would be considerably higher. 
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Scheme 2.2 — Screening of highly oxidizing photoredox catalyst. 
This led us to search the literature for other known photoredox catalyst with excited 
state oxidation potential higher than DCA. Whereas catalyst with well-balanced redox 
cycles in both the cathodic and anodic direction exist, there are only few examples of 
catalysts that contain very high excited state oxidation potentials. Among these cationic 
pyrylium,21 TPT (2.26) (+2.55 V vs. SCE) and more recently discovered acridinium,22 
Mes-Acr-Me (2.25), also known as Fukuzumi’s catalyst, (+2.18 V vs. SCE) are perhaps 
the most well-established (Scheme 2.2). We began by evaluating acridinium catalyst 2.25 
with epoxide 2.22 under otherwise identical conditions explored with DCA and, 
surprisingly, no reactivity was observed. When we used TPT (2.26), a catalyst that has 
fallen out of favor for 2.25, product formation could be detected but catalyst decomposition 
dominated the reaction. Decomposition of the catalyst was assayed visually. A freshly 
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prepared TPT reaction gives a yellow fluorescing solution and after irradiation for a 1 h 
period photobleaching of the solution was witnessed.  
Review of the primary literature confirmed these findings.21 TPT is well known to 
undergo facile decomposition in photoredox methodologies. This is largely due to the 
planarity, 2D structure of TPT, which is disposed to decomposition by nucleophile addition 
to its electrophilic chromophore (Figure 2.2, left). Moreover, its reduced, pyranyl form can 
undergo reversible homocoupling to pyran dimers and homolytic addition to emerging 
radicals, ending catalysis.  
 
Figure 2.2 — Contrast of TPT (2.26) and Mes-Acr-Me (2.25), and hypothesis for MDPT (2.27). 
We considered whether chemical modification of TPT could lead to a more robust 
catalyst. Inspiration for these alterations were found in Mes-Acr-Me (2.25), which has 
found a great deal of success in modern organic chemistry for its ability to carry out 
thermodynamically challenging oxidations (Figure 2.2, middle). Mainly, the effectiveness 
of 2.25 can be attributed to the protective environment the northern mesityl group imparts 
on the highly oxidizing acridinium chromophore.23 This orthogonal functionality thwarts 
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deactivation by steric repulsion of opportunistic nucleophiles and radicals. For example, 
Nicewicz and coworkers have developed a bevy of photoredox methodologies with this 
catalyst in the presence of various exogenous nucleophiles such as cyanide, fluorine, 
alcohols, and amines.24–27 We hypothesized that perhaps integration of a mesityl group into 
TPT could enhance catalyst stability. Critical to the success of the propose alteration was 
the awareness that the photoredox activity of TPT is due to the 2,6-diaryl pyrylium 
structure.21 Thus, perturbation of the 4-phenyl group was not expected to change the 
photochemical or electrochemical properties of the active chromophore. These ideals led 
to the proposal for synthesis of 4-mesityl-2, 6-diphenylpyrylium tetrafluoroborate (MDPT) 
(2.27), which we posited would resist chemical deactivation and upkeep TPT redox 
potentials. 
After several failures towards MDPT using common strategies for synthesis of 
pyryliums, a de novo route was devised. Bis propargylation of methyl formate with lithiated 
2.28 was followed by oxidation to afford 2.30 (Figure 2.3a). Cyclization of this material 
catalyzed by pTsOH in MeOH, with conditions developed by Qiu, affords pyrone 2.29 in 
75% yield over a 3 step telescoped sequence.28 Lastly, 1, 2 addition of a freshly prepared 
mesityl-MgBr solution was followed with dehydration of the ensuing tertiary alcohol with 
HBF4 in Et2O. This afforded MDPT (2.27) in 50% yield as a yellow, easy-to-handle solid 
(Figure 2.3b).  
Photophysical characterization of MDPT revealed two well defined maxima in its 
absorbance spectra, an overlap peak of the mesityl and phenyl groups, and the 2,6-
diphenylpyrylium chromophore, located at 274 and 399 nm, respectively (Figure 2.3c). 
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Notably, in comparison to TPT, catalyst 2.27 does not exhibit the 4-mesitylpyrylium 
absorbance (Scheme 2.3d, structural feature 1) and only exhibits that of the 2, 6-
phenylpyrylium chromophore (structural feature 3).  
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Scheme 2.3 — Synthesis of MDPT and analogues, and characterization of its photo- and electrochemical 
properties. 
These spectral features confirm the non-planarity of MDPT. It is also likely that the 
rigidity that the mesityl group imparts and the lack of the 4-aryl transition increases the 
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overall fluorescence quantum yield of the 2, 6-diphenyl pyrylium chromophore. 
Unfortunately, this could not be verified due to lack of resources in our institution. Further 
characterization showed that the emission spectrum of MDPT contained two maximums. 
The first ascribed as the singlet transition at 438 nm and the second a broader, well-defined 
peak at 590 nm, which we now confidently believe this to be a charge-transfer event (see 
experimental section). In our original disclosure, we were not adept enough to make this 
statements but experience gained over the years brings confidence to this assignment.22 
Anyhow, although this transition may have meaningful redox properties we believe they 
are too low to catalyze the reaction. As such, we will ignore it for future discussions. From 
the spectroscopic data obtained, the singlet excited state energy at one-half the Stokes shift 
was found to be E0,0 = 2.96 V. Again, due to lack of resources, cyclic voltammetry 
measurements were carried out by Dr. Felix S. Alfonso at Stanford University. We are 
thankful to him for his expertise and guidance throughout these studies. It was found that 
MDPT exhibited an irreversible reduction peak at Ep/2= -0.34 V vs. SCE in MeCN. Taken 
these data together and using the Gibbs free energy of photoinduced electron transfer 
equation, we calculate the singlet excited state oxidation potential of MDPT to be +2.62 V 
vs. SCE. These physical attributes make MDPT one of the strongest excited state oxidants 
that has been reported in the literature to date.15 
We were also interested in accessing a catalyst that absorbed longer wavelengths 
of light and had a high excited state oxidation potential. For these reasons, we synthesized 
4-mesityl-2, 6-di-p-tolypyrylium tetrafluoroborate (MD(p-tol)PT, 2.31), which we 
expected to have a smaller HOMO-LUMO gap. Using the same sequence highlighted, 2.31 
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was obtained as a bright orange solid and, as expected, absorbed lower energy light (λmax= 
420 nm) (Scheme 2.3e). Moreover, 2.31 has a high excited state oxidation potential (+2.27 
V vs. SCE) and can be excited with blue LEDs.  
Although these two molecules represent the extent of pyrylium catalysts that were 
made during our time in the laboratory, there are several opportunities left to be explore 
with this structure. For example, we integrated the mesityl component due to literature 
precedence but we are certain that there are better functional groups that would be able to 
impart a superior protective environment to the pyrylium chromophore. Moreover, because 
these catalysts are highly tunable via their HOMO-LUMO gap, a library of these that is 
representative of a broader range of redox potentials would be of wider synthetic interest.29–
32 
The stage was set for Act 1: When using 5 mol% of MD(p-tol)PT in [0.5 M] MeCN, 
we found that p-F epoxide 2.22 could participate in the reaction and afford 2.23 in good 
yield and selectivity (86%, d.r. 6:1) (Scheme 2.4a). Inferior conversions were observed at 
lower concentrations. We believe that the high concentration used have important 
mechanistic implications and those will be discussed shortly. Moreover, we found that 
either MDPT or MD(p-tol)PT could catalyze the reaction but ultimately continued with 
MD(p-tol)PT due to its superior spectral overlap with blue LEDs. Additionally, we 
originally claimed that these reactions could be performed open to the atmosphere. We 
have since opted to degas reactions due to unearthed texts that showed that oxonium 
radicals can be trapped by oxygen.33–36 Although in practice significant yield changes were 
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not seen when conducting reactions open to the atmosphere, we follow the philosophy that 
if something is not part of the mechanism then it should not be present. 
 
Scheme 2.4 — Scope of [3+2] dipolar cycloaddition with MD(p-tol)PT. 
The scope of the reaction is shown in Scheme 2.4. A variety of electron-deficient 
and neutral epoxides were found to participate in good to excellent yield. These include 
primarily halides and alkyl groups 2.32-3.38. Notably substitution in all positions in the 
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aryl group is permitted. Not surprisingly, as functional groups move closer to the reactive 
carbon termini selectivity significantly increase (2.38 and 2.37). We believe these results 
further support the idea of an equilibration event occurring at the oxonium radical stage. 
Moreover, when using an epoxide where significant A1,3 strain is expected a single exo, 
exo conformer can be trapped affording 2.39 exclusively. Other notable functionality 
includes a trifluoromethyl group (2.40) and a bis halogenated example (2.41). The latter is 
equipped for iterative cross coupling diversification. 
The most significant progress realized was the synthesis of substrates 2.42-2.45. 
These depart from the longstanding paradigm that diaryl epoxides are necessary for 
photoredox generation of carbonyl ylides. Now aryl and alkyl (2.42 and 2.43), alkene 
(2.45), and alkyne (2.44) carbonyl ylides can be generated. Most of these are obtained in 
modest yields (38-56%). However, we have shown that yields can be salvage by using a 
higher dipolarophile (5 equiv.) concentration (see 2.45, 80% vs. 56%). The lower yields 
are due to slow reactivity of the epoxide and not decomposition; reactions were stopped 
after a 48 h stir period.  
Alike with most methodologies there are limitations. All electron-rich epoxides 
probed (2.22 and 2.47-2.49) undergo quantitative Meinwald rearrangement to aldehydes 
(2.22  2.46) (Scheme 2.5a). Control experiments without light revealed that this process 
was due to ground-state reactivity of MD(p-tol)PT. There are scarce reports detailing the 
Lewis acid behavior of pyrylium catalyst.21 Actually, even the acridinium, 2.25 was found 
to elicit this reactivity (not shown) and there is also a report collaborating this behavior.37 
This is rarely mentioned or considered in photoredox manifolds and may play a crucial role 
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in other systems. Other substrates that did not work include 2.50 and 2.51 which remained 
unreacted. We speculate that a single alkyl group is unable to stabilize the nascent oxonium 
radical. Lastly, 2.52 was found to undergo complete decomposition to unidentifiable 
products. This was likely the consequence of having two redox active functional groups. It 
is important to note that neither DCA nor Mes-Acr-Me (2.25) were able to catalyze 
carbonyl ylide formation from any of the epoxides in Scheme 2.4 or 2.5. 
 
Scheme 2.5 — Epoxides that were found to be unworkable towards carbonyl ylide formation. 
We found startling that epoxide 2.48 was unable to generate carbonyl ylides with 
DCA but its p-OMe isomer (see 2.17, Scheme 2.1) was. After much though we 
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hypothesized that epoxides with m-OMe groups suffered from charge-spin localization via 
the captodative effect.38 What we believed was that after SET oxidation of epoxide 2.48, 
nπ donation of the OMe group stabilizes the cation and localizes the radical (2.53-55, 
Scheme 2.5c). Delocalization into the sp3 orbital network of the epoxide is now not 
possible, preventing oxonium radical formation. It would be sensible to think that in 
general, epoxides that contained m-OMe would be unable to generate carbonyl ylides. But 
in examples like 2.23 and 2.47 where both para and meta oxygen can engage in nπ 
donation, half of the possible developing radical cations can adapt a resonance structure 
that may lead to carbonyl ylide formation. In other words, half of all the possible resonance 
structure that can be drawn for the aryl radical cation places the radical in a position where 
it can enter the sp3 network of the epoxide. Therefore, from a statistical perspective, 50% 
of aryl radical cations generated from 2.22 or 2.47 should lead to carbonyl ylide formation. 
And so, the inability of DCA to generate carbonyl ylides from epoxide 2.22 or 2.47 
remained a mystery.  
To conclude this section, it is now important to consider what changes if any 
occurred from moving from a neutral to a cationic photoredox catalyst. A remarkable 
observation that led us to reconsider that a different mechanism was at play was the 
significant faster reaction profiles observed with MD(p-tol)PT (Graph 1). This was 
especially surprising since most of the carbonyl ylides generated using MD(p-tol)PT had 
relatively lower HOMO’s than those generated with DCA; so, slower reactions were 
expected.  
77 
 
 
Figure 2.3 — Reaction profile with MD(p-tol)PT is characteristic of radical chain mechanism. 
We monitored the progression of the reaction of cis-diphenyl epoxide with DMAD 
and found that within the first minute of the reaction ≤80% of the epoxide was converted 
to 2.32 (Figure 2.3). This exponential growth is characteristic of a radical chain mechanism. 
This is not enough evidence to assert this and a quantum yield measurement is necessary 
for support. Unfortunately, radical-chain mechanisms are not trivial to characterize and we 
lack the equipment to carry them out in a precise manner.39 Still, the high concentration 
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required to obtain optimum yield also supports this idea, since turnover of the catalyst 
would have to come from a different oxonium radical.  
 
Figure 2.4 — Proposed mechanism for carbonyl ylide formation with MD(p-tol)PT. 
These observations lead us to hypothesize a new mechanism for carbonyl ylide 
formation (Figure 2.4). Excitation of MD(p-tol)PT generates singlet excited 2.31, which 
was characterized to have an excited state oxidation potential of +2.27 V vs. SCE. 
Reductive quenching of epoxide generates neutral catalyst 2.56 (Figure 2.4c) and radical 
cation 2.5. It is important to recognize the movement of the counterion, BF4
- from the 
catalyst to 2.5. Whereas DCA maintains Coulombic association with the radical cation, the 
reduced catalyst 2.56 is neutral and can escape the solvent cage. This offers the opportunity 
to 2.5 to undergo carbon-carbon bond cleavage away from the catalyst and near BF4
- to a 
mixture of oxonium radicals (2.6 and 2.7, or 3 green). As before, the equilibrium of 2.6 
and 2.7 is influenced by temperature and A1,3 strain; but now different from before is the 
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presence of BF4
-, which may or may not play a role in this equilibration. Carbonyl ylide 
formation has two roads. First, back electron transfer from the catalyst in the solvent cage 
or second, radical propagation by oxidation of another epoxide 2.4  2.5 (Figure 2.4b). 
This latter mechanism enables generation of the active species in the absence of light and 
should lead to a quantum yield that is higher than unity. We believe these mechanistic 
dissimilarities account for the difference observed in reactivity with MD(p-tol)PT. 
Something that is not shown in this mechanism but is not lost in us is the ability of pyrylium 
catalyst to act as a Lewis acid. It could be conceivable that dipolarophile activation may be 
occurring. Thus, pyryliums may play a dual role by generating the carbonyl ylide and 
enhancing the rate of cycloaddition by LUMO lowering of dipolarophile.40 Unfortunately, 
we do not have data that supports this view. 
 
Scheme 2.6 — Synthesis of pyryliums with a privilege counter anion. 
We recognized the opportunity to influence the carbon-carbon bond cleavage and 
oxonium radical equilibration with a moving counter anion. Therefore, we posit that 
synthesis of pyrylium catalyst with a privileged counter anion may lead to selective 
formation of one carbonyl ylide conformer (Scheme 2.6). This is not a strategy to render 
the reaction enantioselective, but we would contend that gaining access to exo, exo or exo, 
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endo carbonyl ylides selectively is of more synthetic value. Counterion stereocontrol 
studies by Nicewicz and Ooi may prove instructive for this impetus.41,42 
2.5 Act 2: Design and Synthesis of a Sterically Encumbered Cyanoarene Catalyst 
for Generation of Electron-Rich Carbonyl Ylides 
Although some headway had been accomplished with the synthesis of new 
pyrylium catalysts, our inability to access electron-rich carbonyl ylides was disappointing. 
Natural products of interest, highlighted in Chapter 1, contained highly oxygenated aryl 
substituents and these would not be accessible with the current method in a direct manner. 
We began to think deeply about this limitation and reexamined DCA as a catalyst because 
of its ability to generate carbonyl ylides from less electron-rich epoxide like 2.57 (Scheme 
2.7) — we also began to use dimethyl fumarate as a dipolarophile due to faster kinetics of 
cycloaddition in comparison to DMAD (2.57  2.58, 57% isolated yield under our best 
conditions at that moment).  
Why does DCA catalyze the formation of carbonyl ylides from electron-rich epoxide 
2.57 (Scheme 2.7) but not from relatively more electron-rich 2.23?  
 
Scheme 2.7 — Limitations to generation of electron-rich carbonyl ylides. 
This was at first a confounding question, because the thermodynamic driving force 
for initial SET for carbonyl ylide formation should be higher with more electron-rich 
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epoxides. Furthermore, the resulting carbonyl ylide, which in principle should have a 
higher HOMO than that of 2.57, should engage LUMO dipolarophiles with faster kinetics. 
So whether the first step of carbonyl ylide formation or cycloaddition was rate limiting 
both processes should be more favored with 2.23. On paper, this reaction should occur 
readily with DCA but clearly that is not the case. A path forward was not immediately 
conceivable and here, we truly relied on empirical observations gathered to answer this 
question.  
 
Scheme 2.8 — Isolation of Carbonyl Ylide-DCA adduct 2.60. 
The first observation made was the isolation of carbonyl ylide-DCA adduct (2.60) 
while performing a scale-up reaction for 2.58 (Scheme 2.8). This demonstrated the high 
reactivity of carbonyl ylides, an observation that we also recognized when designing 
pyrylium catalysts. Despite this showing the tendency of DCA to undergo chemical 
deactivation by participating in the reaction as a dipolarophile, which accounts for the 
lower yields observed when using 2.57, it was still not clear why 2.23 failed to yield any 
appreciable amounts of the desired product or carbonyl ylide-DCA adduct. 
82 
 
We then speculated that perhaps a ground state complexation event that inhibited 
reactivity was occurring between DCA and electron-rich epoxides. This notion was seeded 
by an odd observation that might not be related: although DCA and furan 2.58 share very 
distinct and differentiated Rf values, upon chromatography these species would often co-
elute and could only be separated with a solvent system spiked with toluene (PhMe). This 
led to the premise that DCA, an electron-deficient π system, might stack favorably with 
electron-rich 2.23. Thus wanting to find evidence of the putative complex, 1H nuclear 
magnetic resonance (NMR) spectroscopy was used to observe complexation induced 
upfield peak shifting (-Δδ), a phenomena that has been used to support the involvement of 
non-covalent π interactions in emerging complexes. 43–47 
 
Scheme 2.9 — 1H NMR studies of DCA in the presence of electron-rich epoxides. 
1H NMR spectra of deuterated chloroform (CDCl3) solutions of DCA (1 equiv.) 
and symmetrical epoxides (10 equiv.) with increasing levels of methoxy groups (EDGs) in 
their aryl systems (2.57 < 2.23 < 2.61) were recorded. In all cases, the epoxides were able 
to induce a modest upfield peak shift and the magnitude of it could be correlated to the 
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electron donating capabilities of the epoxides (-Δδ = 0.5-3.5) (Scheme 2.9). That is, the 
more methoxy groups present in the epoxide, the greater the shift that was observed in the 
1H NMR spectrum. This is in accordance with previous observations that have 
demonstrated that aromatic stacking interactions in non-polar solvents are dominated by 
the electrostatic nature of the complexing π-systems.43 This experiment provided initial 
signs of a ground-state complex, though it was still not clear how it might be inhibiting 
catalysis. Moreover, this was not unambiguous evidence that a complex was being formed 
and attempts to establish the molecularity of the proposed complex through a 1H NMR Job 
plot were unsuccessful. 
While conducting this investigation, we noticed that when DCA was mixed with 
epoxide 2.23, a colorless solid, a distinct color change from relatively clear to yellow 
occurred (see experimental). This spontaneous color formation led us to consider the 
possibility of a charge-transfer (CT) complex, also known as electron-donor-acceptor 
(EDA) complex, forming in solution.48,49 As theorized and shown by Mulliken,50 when an 
electron-rich donor, like 2.23, collides with an electron-deficient acceptor, like DCA, they 
can form a reversible CT-complex. The formation of the complex is characterized by a 
color change that can be spectrally observed through UV-Vis spectroscopy (λCT) and is 
expected to be red shifted from the absorbance of its components. 
Intrinsically, UV-Vis measurements of DCA, DCA-epoxide (2.57), and DCA-
epoxide (2.23) in chloroform were recorded to find evidence for a CT absorbing band. 
Strikingly, whereas the presence of epoxide 2.57 (DCA-6 in graph) does not affect the UV-
Vis spectra of DCA, the inclusion of epoxide 2.23 (DCA-7 in graph) clearly shifts its 
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longest absorbing wavelength and is accompanied by a new absorbance band in the visible 
spectrum (Figure 2.5, left). We assigned this feature as a CT-band which has a longer 
wavelength of absorbance than DCA or epoxide 2.23.  
 
Figure 2.5 — UV-Vis Spectra of DCA in the presence of electron-rich epoxides (left) and DTAC in the 
presence of electron-rich epoxides (right). 
 
With supportive evidence of complex formation attained, we posited that the 
success of 2.57 over 2.23 might be related to its ability to engage DCA in an outer-sphere 
SET as opposed to an inner-sphere SET, which is expected from a CT complex.48 Literature 
precedent by Kochi and coworkers beautifully demonstrated that CT-complex formation 
with simple π-acceptors and donors can be inhibited by increasing their interplanar distance 
through steric repulsion.51 This was accomplished by introducing sterically demanding 
substitution on one of the components of the complex, leading to disappearance of the CT-
band.  
Inspired by this work and the isolation of carbonyl ylide-DCA adduct 2.60 we 
synthesized 2,6-di-tert-butylanthracene-9,10-dicarbonitrile (DTAC) (2.63) (Scheme 
2.10a), which we anticipated would resist chemical deactivation and CT-complex 
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formation. The synthesis of DTAC was accomplished by Friedel-Crafts alkylation, nuclear 
bromination, and exposure to cuprous cyanide under refluxing conditions. This produced 
2.63 from anthracene (2.62) in an overall low yield (6%) but scalable sequence (~ 1.3 g 
isolated). 
 
Scheme 2 10 —  Synthesis of DTAC and its application to generation of electron-rich carbonyl ylides. 
There is a single report of the synthesis of DTAC in which it was used as an 
intermediate en route to photovoltaic cells.52 In this context, the 2, 6-di-tert-butyl groups 
induce non-planarity in the solid state of the cells, which prevent stacking and allows for 
retention of the photophysical properties of the anthracene chromophore. Additionally, 
there have been two earlier reports of the use of DTAC, which were obtained as a gift from 
Kodak Research Laboratories, for a polymerization reaction and in a photophysical study 
of pyridine.53,54 The ground-state reduction potential ([DTAC/DTAC•‐] = -0.99 V vs. SCE) 
and excited-state lifetime (τ= 17 ns) of DTAC were reported. We have photophysically 
characterized DTAC and have found that it absorbs visible light (λmax=431 nm) and has an 
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excited state energy of E0,0= 2.8 eV. Using the Gibbs energy of photoinduced electron 
transfer equation, we estimate the singlet excited state oxidation potential of DTAC to be 
+1.81 V vs. SCE. 
The stage was now set for the second and final act: when using DTAC as the 
catalyst for the cycloaddition of epoxide 2.57 or 2.23 with dimethyl fumarate in PhMe 
[0.05], the reaction proceeded in nearly quantitative yields (93-94%) with modest 
selectivity in both cases for the exo, exo carbonyl ylide (2.58 and 2.59) (Scheme 2.10b). 
This is the first example of the use of DTAC in a photoredox reaction, which can provide 
a more robust alternative to DCA in many reaction settings. With the success of this 
reaction, we wanted to validate our hypothesis and demonstrate that steric inhibition of the 
CT-complex was indeed responsible for the efficacy of DTAC. A UV-Vis study with 
DTAC in the presence of 2.57 (DTAC-6 in graph) and 2.23 (DTAC-7 in graph) was 
undertaken and the obtained UV-Vis spectra (Figure 2.5, right) lacked any new absorbance. 
This supports our assignment of the CT-band (λCT) and provides further evidence that 
DTAC engages epoxides through an outer-sphere SET.  
Mechanistically, we hypothesize that when CT-complex (2.64) (Scheme 2.11) 
becomes excited and undergoes inner-sphere SET, the reorganizational energy and 
molecular processes that follow for carbonyl ylide formation — carbon-carbon bond 
cleavage and back electron transfer, all in the confined space of the CT complex— are far 
too costly to compete effectively with charge recombination via back electron transfer. 
This leads to fast regeneration of epoxide 2.23 and DCA or if successful, slow carbonyl 
ylide formation. Conversely, from the success of DTAC in promoting the [3+2] dipolar 
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cycloaddition and the lack of CT-complex formation seen in the UV-Vis spectra, we 
propose that DTAC engages epoxide 2.23 through an outer-sphere SET. This is enabled by 
steric inhibition of the CT complex 2.65, which consequently does not have to pay the same 
reorganizational energy penalty for carbonyl ylide formation. 
 
Scheme 2.11 — Propose mechanism for inhibition of catalysis with DCA and CT-complex interruption 
with DTAC. 
In our second disclosure of our works we commented that DTAC may lead to more 
efficient cage escape, thereby lowering the barrier to carbonyl ylide formation. We wish to 
expand this statement here. It may be true that this occurs, but DTAC will still have a 
Coulombic attraction towards the radical cation of 2.23. It may be the case that carbonyl 
ylide formation occurs in a requisite volume of space and that DTAC is able to meet it by 
the steric effects imparted by the tButyl groups. Thus, a complete cage escape might not 
be necessary. It’s hard to tease out these scenarios. The cage escape would be detectable 
by transient absorption spectroscopy but the distance or volume required for reactivity 
would be challenging to assert experimentally. What is clear is that an outer-sphere SET is 
at the very least required to initiate this chemistry and that is undoubtedly demonstrated by 
our UV-Vis study. After much consideration, we are of the view that carbonyl ylide 
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formation has a volume requirement and that DTAC maintains charge association with the 
radical cation of 2.23, all the way through, until carbonyl ylide formation. 
These are truly speculations but they are grounded by experimental data. Although 
not clear, this view does present some new avenues for control over the carbonyl ylide. We 
posit that a diverse library of sterically confined and varied DTAC catalyst may lead to 
different ratios of exo, exo and exo, endo carbonyl ylides. Just like we posited for counter 
anion control with pyrylium catalysts, this may provide a solution to the generation of 
geometrically defined electron-rich carbonyl ylides.  
Here are summary comments on the reaction conditions optimized for DTAC: the 
[3+2] dipolar cycloaddition works well with nonpolar/aprotic solvents like CHCl3 and 
PhMe, but not as well with relatively more polar solvents (α, α, α-trifluorotoluene, 1,2-
dichloroethane, MeCN). Although conversion of the epoxide is accelerated at higher 
temperatures (60 °C) the major product observed is aldehyde 2.21 (via C-O bond cleavage). 
Thus, it is important to maintain the reaction close to room temperature (25-30 °C) to obtain 
high yields. Additionally, we found that carbonyl ylides can be generated at low 
temperatures (-40 °C), which may prove useful when devising methodology towards 
selectivity.55 Interestingly, higher catalyst loading (10 mol %) led to slower conversion of 
the reaction, alluding to inefficient absorption and use of the inciting light, a phenomenon 
that has been previously observed.56 Also, dilute conditions (0.05 M as opposed to 0.1 M) 
led to faster conversion to the desired product after the same time periods. For material 
throughput purposes the more concentrated conditions where used for subsequent studies. 
In some cases, increasing the dipolarophile stoichiometry decreased the reaction time 
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without any penalty on yields, but we found that for the examples demonstrated below 
using 3 equivalents was sufficient. Notably, after every reaction was performed the catalyst 
was recovered unscathed and it was recycled for future use. 
The range of electron-rich carbonyl ylides that have been generated and trapped 
when using DTAC is presented in Scheme 2.12. For this investigation we used dimethyl 
fumarate (2.66-2.77) and dimethyl maleate (2.71-2.73) as dipolarophiles in order to gain 
access to materials that we could use for further derivitization (see Chapter 4). Importantly, 
in all these reactions retention of dipolarophile geometry was maintained. Notably, 
oxygenation at all positions within the aryl groups was well tolerated. This is best 
exemplified by substrate 2.70 which possesses methoxy groups at every position (para, 
meta, ortho) in the aryl groups. The major diastereomer in these reaction is always due to 
the exo, exo carbonyl ylide and all possible products that retain the stereochemistry of the 
dipolarophile are observed (see experimental for details on structures). Unsymmetrical 
examples with differentiated aryl systems 2.66 and 2.71 are also accessible. In general, 
these reactions proceed in high yields 87-99%, albeit with slow reaction times 1-10 d. The 
slow reactivity can be rationalized by inefficient formation of radical cations that do not 
lead to carbonyl ylide formation, i.e. charge-spin localization. Unfortunately, substrates 
2.75 and 2.76 were only observed in traces amounts over prolonged irradiation. We believe 
these are inaccessible because of severe charge-spin localization at the 3,4,5-OMe aryl 
group, precluding carbonyl ylide formation.  
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Scheme 2.12 — Scope of reaction when using DTAC as a photoredox catalyst. 
However, we can generate and trap carbonyl ylides from epoxides that possess a 
3,4,5-OMe aryl group (2.74), but the flanking aryl group must not suffer from charge-spin 
localization. Future studies should aim at including these substrates via use of EWG on the 
oxygen atom, which should prevent charge stabilization.  
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Lastly, although the scope of the dipolarophile was not thoroughly investigated 
several LUMO dipolarophiles were found to be effective in this transformation; these 
include maleimide, maleic anhydride, and 2,3- dimethylmaleic anhydride.  
2.6 Concluding Remarks 
We have significantly advanced the scope of epoxides that can participate in 
generation of carbonyl ylides by designing and synthesizing two new photoredox catalyst. 
These are able to mitigate the emerging challenges in reactivity that electronically distinct 
epoxides and carbonyl ylides present. Although a solution towards generation of 
geometrically defined carbonyl ylides was not realized, high quality ideas towards this goal 
were defined. Yet, there are still many opportunities left to keep extending the scope of 
carbonyl ylide formation from epoxides. Thoughts and proof-of-concept data on how to 
approach this are presented in Chapter 5. 
It was clear at this point that we needed to demonstrate the application of this 
reaction in a target oriented sense to garner more interest from the synthetic community. 
Thus, we shifted gears towards this end and aimed at applying this reaction to the total 
synthesis of classical lignan natural products. 
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2.7 Experimental 
2.7.1 General Information 
1H NMR and 13C NMR spectra were recorded at ambient temperature on a Varian 
Agilent-500 MHz VNMRS (500 and 126 MHz, respectively), and are internally referenced 
to the residual protio solvent signal (CDCl3: δ 7.26 and 77.0 ppm). Data for 1H NMR are 
reported as follows: chemical shift, integration, multiplicity (brs = broad singlet, s = singlet, 
d = doublet, t = triplet, q = quartet, m = multiplet, overlap = overlapping peaks) and 
coupling constants in Hz. Data for 13C NMR are reported in terms of chemical shift and 
overlapping carbons are noted by an underline. High-resolution mass spectra and UV-Vis 
spectra were obtained in the Boston University Chemical Instrumentation Center using a 
Waters Q-TOF APIUS mass spectrometer and a Varian Cary 100 Vio UV-Vis, 
respectively. Cyclic Voltammetry was performed using a Biologic SP-200 potentiostat at 
Stanford University. Commercial reagents were purified prior to use following the 
guidelines of Chai and Armarego.1 All solvents were purified according to the method of 
Grubbs.2 Organic solutions were concentrated under reduced pressure on a Büchi rotary 
evaporaor using a water bath. Chromatographic purification of products was accomplished 
by flash chromatography on Silicycle F60 silica gel or Sorbtech neutral alumina 32-63 μm 
according to the method of Still.3 All reactions were carried out in well ventilated fume 
hoods. Reaction were monitored by thin-layer chromatography (TLC) using Silicycle 250 
μm silica gel plates or Sorbtech neutral alumina 250 μm. Visualization of the developed 
chromatogram was performed by irradiation with a 254 nm Ultra-Violet (UV) light or 
treatment with aqueous potassium permanganate (KMnO4) or ethanolic phosphomolybdic 
acid (PMA) followed by heating. Yields refer to purified compounds unless otherwise 
noted. Diastereoelectivity and regiochemical selectivity for reactions were determined by 
crude 1H NMR prior to purification.  
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2.7.2 Synthetic Procedures 
 
 
Synthesis of s2.2: A flame dried 100 mL round bottom flask with a magnetic 
stirring bar was charged with 2.28 (610 µL, 5.5 mmol, 2.2 equiv.) and placed under a N2 
atmosphere. Then, THF (10 mL, [0.25]) was added via syringe. The stirred reaction was 
cooled to -78 °C (acetone/dry ice) and nBuLi (2.2 mL of a 2.5 M solution in hexanes) was 
added dropwise. After a 30 minute stir period, s2.1 (160 µL, 2.5 mmol, 1 equiv.) was added 
dropwise. The reaction was left to warm to room temperature and stirred for a 6 h period. 
Full consumption of s2.2 can be difficult to determine due to its non UV active character 
but the product can be seen growing over time by TLC (4:1 Hex/EtOAc, Rf: 0.35). The 
reaction was quenched by addition of saturated NH4Cl and THF was removed in vacuo. 
The resulting solution was introduced into a separatory funnel with the assistance of DCM. 
The mixture was extracted thrice with DCM and the combined organic fractions were 
washed with brine, dried over MgSO4, and concentrated in vacuo. 
The resultant material was then placed on a 50 mL round bottom flask and dissolved 
in DCM (8.3 mL, [0.3 M]). MnO2 (3.3 g, 37.5 mmol, 15 equiv.) was added in one potion 
and after a 1 h stir period the reaction was filtered through a celite pad. The crude mixture 
was concentrated in vacuo and purified via flash chromatography. 
 
Reaction Time: 10 h 
Flash Chromatography: Hex  20:1 Hex/EtOAc 
TLC: Rf= 0.25 in 20:1 Hex/EtOAc, Note: exposure to UV light stains spot yellow 
% yield: 86% 
Physical state: yellow solid 
1H NMR (500 MHz, Chloroform-d) δ 7.66 (dt, J = 8.2, 1.2 Hz, 4H), 7.53 – 7.47 (m, 2H), 
7.45 – 7.39 (m, 4H). 
 
Synthesis of 2.29: A 100 mL round bottom pressure flask with a magnetic stirring 
bar was charged with s2.2 (991 mg, 4.3 mmol, 1 equiv.), pTsOH (123 mg, 0.65 mmol, 0.15 
equiv.) and MeOH (43 mL, [0.1 M]). The reaction vessel was sealed, stirred, and heated to 
110 °C. The reaction mixture which commenced as a clear solution became bright orange 
at the end of the reaction. After a 16 h stir period, the reaction was cooled to room 
temperature and reduced in vacuo. The resultant material was introduced to a separatory 
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funnel with the assistance of Et2O. The organic phase was washed with water, brine, and 
dried over Na2SO4. The organic solution was reduced in vacuo and further purified by flash 
chromatography. 
 
Reaction Time: 18 h 
Flash Chromatography: Hex  1:1 Hex/EtOAc  
TLC: Rf= 0.3 in 1:1 Hex/EtOAc, Stain: PMA (color: orange) 
% yield: 90%  
Physical state: off-yellow solid 
1H NMR (500 MHz, Chloroform-d) δ 7.90-7.79 (m, 4H), 7.59-7.47 (m, 6H), 6.81 (s, 2H). 
 
 
Synthesis of 4-mesityl-2, 6-diphenylpyrylium tetrafluoroborate (MDPT) 
(2.27): A flame dried 100 mL round bottom flask with a magnetic stirring bar was charged 
with 2.29 (457 mg, 1.84 mmol, 1 equiv.) and placed under a N2 atmosphere. Dry THF (40 
mL, [0.05 M]) was added via syringe and the stirred reaction was cooled to 0 °C (water/ice 
bath). 2-Mesitylmagnesium bromide (9.2 mL, 9.2 mmol, 5 equiv., from 1M solution in 
THF) was then added dropwise and the reaction began to change color over time from clear 
to yellow and to finally red. After full consumption of 2.29, as determined via TLC (1:1 
Hex/EtOAc), the reaction was quenched by addition of sat. NaHCO3 (25 mL). THF was 
then removed in vacuo and the remaining mixture was extracted thrice with DCM. The 
combined organic layers were then washed with brine and dried over MgSO4. The organic 
solution was reduced in vacuo and dried under high vacuum for 30 minutes.  
The resultant material was dissolved in Et2O (20 mL, [0.1 M]) and placed under 
stirring. HBF4-Et2O complex in diethyl ether (320 µL, 2.21 mmol, 1.2 equiv. in 5 mL of 
diethyl ether) was added dropwise. At the onset of this addition a yellow precipitate was 
observed. The mixture was cooled with an ice bath and stirred for 30 minutes. The solid 
was then obtained through filtration and washed with cold Et2O. The obtained yellow solid 
was dried under high vacuum for 48 h.  
 
Reaction Time: 12 h 
% yield: 50 %  
Physical state: yellow solid 
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1H NMR (500 MHz, Chloroform-d) δ 8.30 – 8.22 (m, 4H), 8.10 (s, 2H), 7.81 – 7.61 (m, 
6H), 7.04 (s, 2H), 2.36 (s, 3H), 2.27 (s, 6H). 
13C NMR (500 MHz, Chloroform-d) δ 171.81, 171.65, 141.54, 135.88, 135.13, 132.38, 
130.44, 129.81, 129.05, 128.60, 120.29, 21.39, 20.73. 
HRMS-ESI (m/z): calculated for C26H23O+ H
+: 351.1749 found 351.1744. 
 
 
 
Synthesis of s2.4: A flame dried 250 mL round bottom flask with a magnetic 
stirring bar was charged with s2.3 (3.83 g, 33 mmol, 2.2 equiv.) and placed under a N2 
atmosphere. Dry THF (60 mL, [0.25 M]) was added and the stirred reaction was cooled to 
-78 °C (dry ice/acetone). nBuLi (13.2 mL of a 2.5 N solution in hexanes) was added 
dropwise. After a 30 minute stir period, s2.1 (918 µL, 15 mmol, 1 equiv.) was added 
dropwise and the reaction was allowed to warm to room temperature. Full consumption of 
s2.1 can be difficult to determine due to its non UV active character but the product can be 
seen growing over time by TLC (4:1 Hex/EtOAc, Rf: 0.35). After 6 h, the reaction was 
quenched by adding equal volume amounts of a sat. NH4Cl and 10 % HCl solution. The 
THF was removed in vacuo and the remaining solution was introduced to a separatory 
funnel. The mixture was extracted thrice with DCM and the combined organic fractions 
were washed with brine, dried with MgSO4, and concentrated in vacuo. 
The resultant material was placed into a 100 mL round bottom flask and dissolved 
in DCM (50 mL, [0.3 M]). MnO2 (19.55 g, 225 mmol, 15 equiv.) was added as a single 
portion and the reaction was left to stir for 1h. The mixture was then filtered through a 
celite pad. The resultant mixture was concentrated in vacuo and purified by flash 
chromatography (Hex  20:1 Hex/EtOAc, Rf= 0.3). The collected solid was dried under 
high vacuum for 30-minutes and used without any further analysis. 
The solid was introduced into a 350 mL round bottom pressure flask. The mixture 
was dissolved in MeOH (150 mL, [0.1 M]) and pTsOH (123 mg, 0.65 mmol, 0.15 eq.) was 
added. The reaction vessel was sealed and heated to 110 oC until TLC analysis (4:1 
Hex/EtOAc) determined full consumption of the starting material. The reaction was cooled 
to room temperature and concentrated in vacuo. The resultant material was introduced to a 
separatory funnel with the assistance of Et2O. The organic phase was washed with water, 
brine, and dried over Na2SO4. The organic solution was reduced in vacuo and purified via 
flash chromatography. 
 
Reaction Time: 48 h 
Flash Chromatography: 9:1 Hex/EtOAc  1:1 Hex/EtOAc  
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TLC: Rf= 0.27 in 1:1 Hex/EtOAc, UV-Vis active: light blue, streaks backwards 
% yield: 80 % (over 3 steps) 
Physical state: subtle-yellow fluffy solid 
1H NMR (500 MHz, Chloroform-d) δ 7.75 (d, J = 8.4 Hz, 4H), 7.33 (d, J = 8.4 Hz, 4H), 
6.77 (s, 2H), 2.44 (s, 6H) 
 
Synthesis of 4-mesityl-2,6-di-p-tolylpyrylium tetrafluoroborate (2.31): A flame 
dried 100 mL round bottom flask with a magnetic stirring bar was charged with s2.4 (510 
mg, 1.84 mmol, 1 equiv.) and placed under a N2 atmosphere. Dry THF (40 mL, [0.05 M]) 
was added and the stirred reaction was cooled to 0 °C (ice/water bath). 2-
Mesitylmagnesium bromide (9.2 mL, 9.2 mmol, 5 equiv., from 1M solution in THF) was 
added dropwise via syringe and the reaction was seen to change color over time from clear 
to yellow and to finally red. After full consumption of s2.4, as determined via TLC (1:1 
Hex/EtOAc), the reaction was quenched by addition of sat. NaHCO3 (25 mL). THF was 
removed in vacuo and the remaining mixture was extracted thrice with DCM. The 
combined organic fractions were washed with brine and dried over MgSO4. The organic 
solvent was reduced in vacuo and dried under high vacuum for 30-minutes.  
The resultant material was dissolved in Et2O (20 mL, [0.1 M]) and placed under 
stirring. HBF4-Et2O complex in diethyl ether (320 µL, 2.21 mmol, 1.2 equiv. in 5 mL of 
diethyl ether) was added dropwise. At the onset of this addition a yellow precipitate was 
observed. The mixture was cooled with an ice bath and stirred for 30 minutes. The solid 
was then obtained through filtration and washed with cold Et2O. The obtained yellow solid 
was dried under high vacuum for 48 h.  
 
Reaction Time: 12 h 
% yield: 65%  
Physical state: orange solid 
1H NMR (500 MHz, Chloroform-d) δ 8.17 (d, J = 8.0 Hz, 4H), 8.02 (s, 2H), 7.51 (d, J = 
8.0 Hz, 4H), 7.04 (s, 2H), 2.50 (s, 6H), 2.36 (s, 3H), 2.26 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 171.30, 170.97, 147.96, 141.30, 134.94, 132.52, 
131.32, 129.72, 128.96, 125.88, 119.19, 22.27, 21.37, 20.73. 
HRMS-ESI (m/z): calculated for C28H27O + H
+: 379.2062 found 379.2072. 
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Electrochemical Measurements, UV/Vis & Fluorescence Spectroscopy of MDPT and 
MD(p-tol)PT 
 
A 0.1 M solution of tetrabutylammonoium hexafluorophosphate (TBAPF6, Sigma-
Aldrich) was prepared in anhydrous acetonitrile. The solution was degassed by bubbling 
nitrogen for 10-15 minutes under sonication. A solution of 44 mM of MD(p-tol)PT was 
prepared by dissolving 8.2 mg of the compound in 400 µL of the electrolyte solution and 
a 17 mM solution of MDPT was prepared by dissolving 3.1 mg of the compound in 400 
µL of the electrolyte solution. Cyclic Voltammetry was performed using a Biologic SP-
200 potentiostat with a standard three electrode step (working: Platinum, reference: 
Ag/AgCl in 3 M NaCl and counter: Platinum.). The potential was scanned from 0 to a 
vertex potential of -1 V in the reverse direction at a sweep rate of 100 mV /s, and the 
forward sweep showed no indication of a reversible electrochemical event. The obtained 
values were referenced to Ag/AgCl and converted to SCE by subtracting 0.03 V. 
Samples for photophysical measurements were prepared in dry acetonitrile. 
Samples of 10 µM MDPT and MD(p-tol)PT were prepared via serial dilution and 
sequentially degassed by bubbling nitrogen for 10-15 minutes under sonication before 
being transferred to a 4 mL quartz cell and sealed with a PTFE cap and Parafilm. The 
solvent absorbance background was subtracted from the reported spectra. Emission spectra 
(1 nm step size, 5 nm bandwidth) were collected by irradiating the samples at their 
respective λmax., followed by collection 15 nm above this wavelength (for example: for 
MDPT the sample was irradiated at 399 nm and collection began at 414 nm). This is done 
so that the light source will not interfere with the measurement.
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MDPT 
 
 
Maximum Current: -0.9613 mA 
Maximum Potential: -0.818 V vs. Ag/AgCl in MeCN 
Half-way Current: -0.481 mA 
Half-way Potential: -0.318 V vs. Ag/AgCl in MeCN 
Half-way Potential: -0.348 V vs. SCE in MeCN 
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Gibbs Energy of Photoinduced Electron Transfer Equation for MDPT:  
E*red (cat*/cat•‐) = Ered (cat/cat•‐) + E0,0 
E0,0 = 2.963 eV 
Ered = -0.348 V vs. SCE in MeCN  
∴ [MDPT*/ MDPT•‐] = +2.62 V vs. SCE in MeCN 
 
MD(p-tol)PT 
 
Maximum Current: -0.1952 mA 
Maximum Potential: -0.633 V vs. Ag/AgCl in MeCN 
Half-way Current: -0.0976 mA 
Half-way Potential: -0.455 V vs. Ag/AgCl in MeCN 
Half-way Potential: -0.485 V vs. SCE in MeCN 
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Absorbance λ max = 274 nm, 420 nm 
 
 
 
Emission λ max = 479 nm, 562 nm 
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Gibbs Energy of Photoinduced Electron Transfer Equation for MD(p-tol)PT:  
E*red (cat*/cat•‐) = Ered (cat/cat•‐) + E0,0 
E0,0 = 2.758 eV  
Ered = -0.485 V vs. SCE in MeCN  
∴ [MD(p-tol)PT*/ MD(p-tol)PT •‐] = +2.27 V vs. SCE in MeCN 
 
Synthesis and Photophysical Characterization of 2, 6-di-tert-butylanthracene-9, 10-
dicarbonitrile (DTAC) 
 
 
Synthesis of s2.6: A 250-mL round bottom flask with a magnetic stirring bar was 
charged with s2.5 (10 g, 56.10 mmol, 1 equiv.), TFA (70 mL, [0.8 M]), and tBuOH (16 
mL, 167 mmol, 3 equiv.). The stirred reaction was refluxed and left to stir for a 24 h period. 
At the completion of the stir period, the reaction was cooled to room temperature and water 
(100 mL) was added slowly to the reaction mixture. The mixture was carefully introduced 
into a separatory funnel with the assistance of hexanes and extracted thrice with hexanes. 
The combined organic fractions, which is heterogeneous, was passed through a fritted 
funnel and the collected solid was further washed with hexanes. This yielded a white solid 
which can be used without any further purification.  
Reaction Time: 24 h 
% yield: 40% (6.4 g) 
Physical state: white solid  
1H NMR (500 MHz, Chloroform-d) δ 8.33 (s, 2H), 7.94 (d, J = 8.9 Hz, 2H), 7.88 (s, 2H), 
7.55 (dd, J = 8.9, 1.5 Hz, 2H), 1.46 (s, 18H). 
13C NMR (126 MHz, Chloroform-d) δ 147.41, 131.69, 130.60, 127.87, 125.53, 124.91, 
122.43, 35.08, 31.15. 
 
 
Synthesis of s2.7: A 250-mL round bottom flask with a magnetic stirring bar was 
charged with s2.6 (2 g, 6.88 mmol, 1 equiv.) and DCM (28 mL, [0.25 M]). The reaction 
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was cooled to 0 ᵒC (water/ice bath) and bromine (720 μL, 14 mmol, 2 equiv.) was added 
dropwise via syringe. The reaction was left to warm to room temperature and stirred for a 
5 h period. At the completion of the stir period the reaction was quenched through slow 
addition of saturated NaHCO3, until the red color of the reaction disappeared. The mixture 
was introduced into a separatory funnel and extracted thrice with DCM. The combined 
organic fractions were washed with brine and dried over MgSO4. The organic mixture was 
concentrated in vacuo and purified by recrystallization from toluene (PhMe). 
Reaction Time: 6 h  
% yield: 41% (1.26 g) 
Physical state: light yellow crystals  
1H NMR (500 MHz, Chloroform-d) δ 8.51 (d, J = 9.2 Hz, 2H), 8.46 (s, 2H), 7.71 (dd, J = 
9.2, 1.6 Hz, 2H), 1.49 (s, 18H). 
13C NMR (126 MHz, Chloroform-d) δ 149.91, 130.77, 130.01, 128.14, 127.04, 123.08, 
122.72, 35.44, 31.03. 
 
 
Synthesis of 2,6-di-tert-butylanthracene-9,10-dicarbonitrile (DTAC) (2.63): A 
flame dried 50-mL two neck round bottom flask with a magnetic stirring bar was charged 
with s2.7 (1.0 g, 2.23 mmol, 1 equiv.), CuCN (1.2 g, 13.4 mmol, 6 equiv.) and DMF (7.5 
mL, [0.3 M]). One neck of the reaction vessel was adapted with a septum and the other 
with a reflux condenser. The stirred reaction was then sparged with Argon (Ar) for a 30 
min period, adapted with an Ar balloon above the reflux condenser, and then refluxed for 
24 h. After completion of the stir period, the reaction was cooled to room temperature and 
30 % NH3 soln. in water (30 mL) was added. After a 5 min stir period, the mixture was 
filtered through a fritted funnel and the resulting solid was washed three times with 30 % 
NH3 in water (10-15 mL). The solid was dissolved in DCM (100-150 mL), dried over 
MgSO4, and concentrated in vacuo. The resultant material was purified by flash 
chromatography and recrystallized from PhMe. 
Reaction Time: 24 h  
Scale: 2.23 mmol, 26 mmol 
Flash Chromatography: 20:1 Hex/EtOAc 
TLC: Rf=0.5 in 20:1 Hex/EtOAc  
Recrystallization: PhMe 
% yield: 17% (128 mg), 15% (1.3 g) 
Physical state: Chartreuse or yellow/green solid 
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1H NMR (500 MHz, Chloroform-d) δ 8.42 (d, J = 9.1 Hz, 2H), 8.35 (d, J = 1.6 Hz, 2H), 
7.91 (dd, J = 9.1, 1.6 Hz, 2H), 1.50 (s, 18H). 
13C NMR (126 MHz, Chloroform-d) δ 152.92, 132.05, 131.10, 129.40, 125.87, 120.57, 
116.38, 110.51, 35.75, 30.90. 
HRMS-ESI (m/z): calculated for C24H24N2 + H
+: 341.2018 found 341.200 
 
Photophysical Characterization of 2, 6-di-tert-butylanthracene-9,10-dicarbonitrile 
(DTAC, 2.63): 
 
A sample of 10 µM DTAC (2.63) was prepared through serial dilution with dry 
chloroform and degassed by bubbling N2 for 10-15 minutes under sonication. The resultant 
solution was transferred to a 4 mL quartz cell and sealed with a PTFE cap and Parafilm. A 
UV-Vis spectrum of this solution was obtained and normalized (shown below). An 
emission spectrum (1 nm step size, 5 nm bandwidth) was obtained by irradiating the sample 
with the frequency of light corresponding to its longest absorbing wavelength (as 
determined through UV-Vis spectroscopy λmax=431 nm), followed by collection 15 nm 
above this wavelength to avoid interference with the light source. The obtained spectrum 
was normalized (shown below).  
 
Absorbance λmax=431 nm; Emission λmax=453 nm 
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Gibbs Energy of Photoinduced Electron Transfer Equation for DTAC: 
E*red (cat*/cat•‐) = Ered (cat/cat•‐) + E0,0 
E0,0 = 2.8 eV 
Ered = -0.99 V vs. SCE in DCM (Ref. 53) 
∴ [DTAC*/DTAC•‐] = +1.81 V vs. SCE in DCM 
 
UV-Vis Spectroscopy Studies of 9, 10-dicyanoanthracene (DCA) and DTAC: 
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Physical solutions of DCA (left), DCA-Epoxide 6 (center), and DCA-Epoxide 7 (right) in 
Chloroform (CHCl3). 
 
 
 
 
Note: A color change was observed when DCA was mixed with epoxide 7 (right) but not 
with epoxide 6 (center).  
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Physical solutions of DTAC (left), DTAC-Epoxide 6 (center), and DCA-Epoxide 7 
(right) in Chloroform (CHCl3). 
 
 
 
Note: No color change was observed when mixing DTAC with either epoxide 6 or 7.  
 
 
 
0
0.5
1
1.5
2
2.5
3
370 400 430 460 490 520 550 580
A
b
s
o
rb
a
n
c
e
Wavelength (nm)
UV-Vis spectra of DTAC (10 μM) (green), DTAC-Epoxide 6 (10 
μM and 0.1 M) (yellow), and DTAC-Epoxide 7 (10 μM and 0.1 
M) (blue) in Chloroform (CHCl3)
108 
 
General Protocol A: for the [3+2] dipolar cycloaddition with DCA: 
A 10 mL vial with a magnetic stir bar is charged with 9, 10 dicyanoanthracene (2.3 
mg, 0.01 mmol, 0.01 eq.), dimethyl acetelynedicarboxylate (130 uL, 1 mmol, 1 eq.) and 
the corresponding epoxide (1.2 mmol, 1.2 eq.). The reaction vessel is then sealed and 
placed under an Ar atmosphere and 2 mL of degassed chloroform (0.5 M) is added via 
syringe. The reaction is then stirred and irradiated with blue LEDs until full consumption 
of the limiting reagent is obtained by TLC (Rf: 0.5 in 4:1 Hex/E2O, Stain: KMnO4 (color: 
yellow)). Throughout the reaction a fan above the lamp is used to dissipate heat generated 
by the light source. Once the reaction is complete, the solvent is removed in vacuo and the 
crude material is purified via flash chromatography. 
General Protocol B: for the [3+2] dipolar cycloaddition with MD(p-tol)PT. 
A 10 mL vial with a magnetic stir bar is charged with Mes-di-p-tolyl-pyrilium 
tetrafluoroborate (23.3 mg, 0.05 mmol, 0.05 eq.), dimethyl acetelynedicarboxylate (130 
uL, 1 mmol, 1 eq.), the corresponding epoxide (1.2 mmol, 1.2 eq.), and 2 mL of MeCN 
(0.5 M). The reaction is then stirred and irradiated with blue LEDs until full consumption 
of the limiting reagent is obtained by TLC (Rf: 0.5 in 4:1 Hex/E2O, Stain: KMnO4 (color: 
yellow)). Throughout the reaction, a fan above the lamp is used to dissipate heat generated 
by the light source. Once the reaction is complete, the solvent is removed in vacuo and the 
crude material is purified via flash chromatography.  
General Protocol C: for catalyzed [3+2] dipolar cycloaddition with DTAC:  
 
A flame dried 40-mL scintillation vial with a magnetic stirring bar was charged 
with epoxide (1 equiv.), dipolarophile (3 equiv.), DTAC (0.05 equiv), and PhMe [0.1-0.05 
M]. The vial was sealed and sparged with N2 for 15-20 minutes under sonication. The 
resultant mixture was placed under stirring and irradiated with blue LEDs until full 
consumption of the epoxide was observed by TLC. At the completion of the reaction, the 
resultant mixture is concentrated in vacuo and purified via flash chromatography.  
1H NMR spectra of the resulting mixture of diastereomeric tetrahydrofuran 
products are reported with a focus on the benzylic protons. These were used as diagnostic 
protons to measure conversion or observe disappearance of the tetrahydrofuran products 
for all subsequent reactions. 
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Reaction Time: 48 h 
Flash Chromatography: 4:1 Hex/EtOAc 
TLC: Rf= 0.1 in 4:1 Hex/EtOAc, Stain: KMnO4 (color: yellow) 
% yield: 71 % (282 mg) 
Physical state: colorless oil. 
d.r.: 5:1  
1H NMR (500 MHz, Chloroform-d) δ 7.34 (d, J = 8.7 Hz, 4H), 6.89 (d, J = 8.7 Hz, 4H), 
6.01 (s, 2H), 3.80 (s, 6H), 3.68 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 163.23, 160.05, 139.37, 130.70, 129.24, 114.05, 
87.25, 55.37, 52.48. 
 
 
Reaction Time: 24 h 
Flash Chromatography: 4:1 Hex/EtOAc 
TLC: Rf 
maj, min = 0.2, 0.3 in 4:1 Hex/EtOAc, Stain: KMnO4 (color: yellow) 
% yield: 67 % (269 mg) 
Physical state: colorless oil. 
d.r.: 2:1  
13C NMR (126 MHz, Chloroform-d) δ 163.17, 162.89, 160.25, 140.17, 138.48, 137.16, 
134.78, 130.28, 129.29, 129.21, 128.91, 114.20, 87.70, 86.84, 55.60, 52.61, 52.43. 
1H NMR (500 MHz, Chloroform-d) δ 7.32 (m, 6H), 6.90 (d, J = 8.6 Hz, 2H), 6.04 (AB, J 
= 5.4 Hz, 1H), 6.01 (AB, J = 5.4 Hz, 1H), 3.81 (s, 3H), 3.69 (s, 6H). 
HRMS-ESI (m/z): calculated for C21H19ClO6 + H
+: 403.0948 found 403.0965.  
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Physical state: colorless oil. 
1H NMR (500 MHz, Chloroform-d) δ 7.42 – 7.27 (m, 6H), 6.91 (d, J = 8.6 Hz, 2H), 6.26 
(AB, J = 6.2 Hz, 1H), 6.24 (AB, J = 6.2 Hz, 1H), 3.81 (s, 3H), 3.69 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 162.84, 162.63, 160.22, 139.55, 137.83, 137.39, 
134.74, 130.35, 129.05, 128.56, 114.30, 88.76, 87.83, 55.41, 52.57, 52.56. 
HRMS-ESI (m/z): calculated for C21H19ClO6 + H
+: 403.0948 found 403.0965.  
 
 
Reaction Time: 48 h 
Flash Chromatography: 4:1 Hex/Et2O  
TLC: Rf
maj,min = 0.2, 0.3 in 4:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
% yield: 99 % (428 mg)  
Physical state: colorless oil. 
d.r.: 3:1 
1H NMR (500 MHz, Chloroform-d) δ 8.25 (d, J = 8.5 Hz, 1H), 77.86 (dd, J = 12.6, 8.2 Hz, 
2H), 7.61 – 7.53 (m, 2H), 7.53 – 7.46 (m, 2H), 7.44 (dd, J = 7.4, 1.3 Hz, 1H), 7.36 – 7.27 
(m, 1H), 7.11 (AB, J = 6.4 Hz, 1H), 6.99 (t, J = 7.5, 1H), 6.90 (d, J = 8.2 Hz, 1H), 6.59 
(AB, J = 6.4 Hz, 1H), 4.17 – 4.08 (m, 1H), 4.08 – 4.00 (m, 1H), 3.71 (s, 3H), 3.59 (s, 3H), 
1.48 (t, J = 7.0 Hz, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 163.26, 163.18, 156.99, 140.46, 137.55, 134.74, 
134.08, 131.70, 130.14, 129.46, 129.22, 128.82, 126.57, 126.53, 125.90, 125.51, 125.24, 
123.60, 120.70, 111.87, 85.07, 84.78, 63.95, 52.41, 52.36, 14.90. 
HRMS-ESI (m/z): calculated for C26H24O6 + Na
+: 455.1471 found 455.1474.  
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Physical state: colorless oil. 
1H NMR (500 MHz, Chloroform-d) δ 8.30 (d, J = 8.5 Hz, 1H), 7.94 – 7.82 (m, 2H), 7.60 
– 7.55 (m, 1H), 7.55 – 7.44 (m, 3H), 7.25 – 7.20 (m, 1H), 7.16 (dd, J = 7.6, 1.5 Hz, 1H), 
6.97 (AB, J = 5.0 Hz, 1H), 6.87 – 6.79 (m, 2H), 6.66 (AB, J = 5.0 Hz, 1H), 4.10 – 4.00 (m, 
2H), 3.75 (s, 3H), 3.57 (s, 3H), 1.43 (t, J = 7.0 Hz, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 163.75, 163.12, 156.17, 142.72, 135.94, 135.03, 
133.91, 131.79, 129.62, 129.31, 128.73, 128.56, 126.80, 126.54, 125.86, 125.76, 125.38, 
123.56, 120.67, 111.23, 83.11, 82.85, 63.90, 52.34, 52.33, 14.79. 
HRMS-ESI (m/z): calculated for C26H24O6 + Na
+: 455.1471 found 455.1474.  
 
 
Reaction Time: 25 h 
Flash Chromatography: 4:1 Hex/Et2O 
TLC: Rf 
maj,min = 0.1, 0.2 in 4:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
% yield: 63% (207 mg)  
Physical state: colorless oil. 
d.r.: 2:1  
1H NMR (500 MHz, Chloroform-d) δ 7.57 – 7.40 (m, 3H), 7.40 – 7.27 (m, 3H), 6.46 (d, J 
= 3.2 Hz, 1H), 6.39 (dd, J = 3.2, 1.9 Hz, 1H), 6.13 (AB, J = 4.8 Hz, 1H), 6.05 (AB, J = 4.8 
Hz, 1H), 3.72 (s, 3H), 3.67 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 162.99, 162.44, 151.30, 143.59, 141.48, 138.22, 
134.56, 128.98, 128.62, 127.81, 110.67, 110.04, 88.27, 80.60, 52.61, 52.55. 
HRMS-ESI (m/z): calculated for C18H16O6 + Na
+: 351.0845 found 351.0834.  
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Physical state: colorless oil. 
1H NMR (500 MHz, Chloroform-d) δ 7.44 (d, J = 1.7 Hz, 1H), 7.40 – 7.30 (m, 5H), 6.42 
(d, J = 3.3 Hz, 1H), 6.37 (dd, J = 3.3, 1.7 Hz, 1H), 6.31 (AB, J = 6.0 Hz, 1H), 6.22 (AB, J 
= 6.0 Hz, 1H), 3.75 (s, 3H), 3.68 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 162.86, 162.32, 151.02, 143.53, 141.49, 137.98, 
134.87, 129.08, 128.83, 127.32, 110.69, 109.27, 88.45, 81.08, 52.64, 52.54. 
HRMS-ESI (m/z): calculated for C18H16O6 + Na
+: 351.0845 found 351.0834.  
 
 
Reaction Time: 17 h 
Flash Chromatography: 4:1 Hex/Et2O 
TLC: Rf 
maj, min = 0.2, 0.3 in 4:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
% yield: 99 % (341 mg)  
Physical state: colorless oil. 
d.r.: 3:1  
1H NMR (500 MHz, Chloroform-d) δ 7.48 – 7.42 (m, 2H), 7.41 – 7.31 (m, 4H), 7.14 (d, J 
= 3.6 Hz, 1H), 7.00 (dd, J = 5.0, 3.5 Hz, 1H), 6.37 (AB, J = 5.2 Hz, 1H), 6.05 (AB, J = 5.2 
Hz, 1H), 3.73 (s, 3H), 3.67 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 162.94, 162.69, 142.16, 139.88, 138.00, 137.88, 
129.07, 128.63, 128.02, 126.92, 126.86, 88.06, 83.01, 52.59, 52.55. 
HRMS-ESI (m/z): calculated for C18H16O5S + Na
+: 367.0616 found 367.0606.  
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Physical state: colorless oil. 
 1H NMR (500 MHz, Chloroform-d) δ 7.42 – 7.30 (overlap, 6H), 7.11 (d, J = 3.3 Hz, 
1H), 7.00 (dd, J = 5.0, 3.3 Hz, 1H), 6.58 (AB, J = 5.9 Hz, 1H), 6.27 (AB, J = 5.9 Hz, 
1H), 3.75 (s, 3H), 3.68 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 162.78, 162.41, 141.99, 139.88, 138.02, 137.38, 
129.09, 128.87, 127.25, 127.19, 126.43, 126.06, 88.33, 83.78, 52.61, 52.54. 
HRMS-ESI (m/z): calculated for C18H16O5S + Na
+: 367.0616 found 367.0606.  
 
 
Reaction Time: 1hr 
Flash Chromatography: Hex 4:1 Hex/Et2O 
TLC: Rf
 maj, min =0.1, 0.2 in 4:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
% yield: 95 % (32 mg)  
Physical state: colorless oil 
d.r.: 6:1  
1H NMR (500 MHz, Chloroform-d) δ 7.50-7.28 (m, 10H), δ 6.09 (s, 2H), δ 3.68 (s, 6H).  
13C NMR (126 MHz, Chloroform-d) δ 163.11, 139.43, 138.34, 129.01, 128.72, 127.91, 
87.96, 52.53.  
HRMS-ESI (m/z): calculated for C20H18O5 + Na
+: 361.1052 found 361.1061.  
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Physical state: colorless oil. 
1H NMR (500 MHz, Chloroform-d) δ 7.43-7.31 (m, 10H), δ 6.32 (s, 2H), δ 3.69 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 162.84, 138.83, 138.64, 129.00, 128.89, 127.18, 
88.99, 52.53.  
HRMS-ESI (m/z): calculated for C20H18O5 + Na
+: 361.1052 found 361.1061.  
 
 
Reaction time: 3 h. 
Flash Chromatography: Hex  4:1 Hex/Et2O 
TLC: Rf
 maj, min =0.1, 0.2 in 4:1 Hex/Et2O, Stain: KMNO4 (color: yellow)  
% yield: 86 % (32 mg) 
Physical state: subtle yellow oil  
d.r.: 6:1  
1H NMR (500 MHz, Chloroform-d) δ 7.49 – 7.30 (m, 4H), 7.16 – 6.98 (m, 4H), 6.05 (s, 
2H), 3.69 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 164.15, 162.89, 162.18, 139.34, 134.15, 129.69, 
129.63, 115.85, 115.68, 87.10, 52.61. 
HRMS-ESI (m/z): calculated for C20H16F2O5 + H
+: 375.1044 found 375.1048.  
 
 
Physical state:  subtle yellow oil  
1H NMR (500 MHz, Chloroform-d) δ 7.41 – 7.34 (m, 4H), 7.12 – 7.00 (m, 4H), 6.27 (s, 
2H), 3.69 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 164.15, 162.66, 162.19, 138.71, 134.37, 134.35, 
129.01, 116.00, 115.83, 88.22, 52.60. 
HRMS-ESI (m/z): calculated for C20H16F2O5 + H
+: 375.1044 found 375.1048.  
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Reaction Time: 3 h 
Flash Chromatography: Hex  4:1 Hex/EtOAc 
TLC: Rf
 maj, min =0.3, 0.4 in 4:1 Hex/EtOAc, Stain: KMnO4 (color: yellow) 
% yield: 96 % (39 mg) 
Physical state: subtle yellow oil. 
d.r.: 7:1  
1H NMR (500 MHz, Chloroform-d) δ 7.42 – 7.25 (m, 4H), 6.05 (s, 1H), 3.69 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 162.77, 139.23, 136.69, 135.02, 129.15, 129.02, 
87.20, 52.67. 
HRMS-ESI (m/z): calculated for C20H16Cl2O5 + Na
+: 429.0272 found 429.0289.  
 
 
 
Physical state: subtle yellow oil. 
1H NMR (500 MHz, Chloroform-d) δ 7.38 – 7.30 (m, 8H), 6.27 (s, 2H), 3.70 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 162.53, 138.62, 137.00, 134.98, 129.16, 128.54, 
88.34, 52.69. 
HRMS-ESI (m/z): calculated for C20H16Cl2O5 + Na
+: 429.0272 found 429.0289.  
 
 
Reaction Time: 8 h  
Flash Chromatography: Hex  4:1 Hex/EtOAc 
TLC: Rf
 maj, min =0.2, 0.3 in 4:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
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% yield: 70% (35 mg) 
Physical state: colorless oil 
d.r.: 6:1 
1H NMR (500 MHz, Chloroform-d) δ 7.54 – 7.48 (m, 4H), 7.29 – 7.22 (m, 5H), 6.03 (s, 
2H), 3.69 (s, 7H). 
13C NMR (126 MHz, Chloroform-d) δ 162.73, 139.17, 137.18, 131.97, 129.44, 123.26, 
87.27, 52.69. 
HRMS-ESI (m/z): calculated for C20H16Br2O5 + Na
+: 516.9262 found 516.9247. 
 
 
Physical state: colorless oil. 
1H NMR (500 MHz, Chloroform-d) δ 7.54 – 7.48 (m, 4H), 7.29 – 7.24 (m, 4H), 6.25 (s, 
2H), 3.70 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 162.50, 138.56, 137.50, 132.16, 128.85, 123.19, 
88.42, 52.71. 
HRMS-ESI (m/z): calculated for C20H16Br2O5 + Na
+: 516.9262 found 516.9247. 
 
 
Reaction time: 12 h 
Flash Chromatography: Hex  4:1 Hex/Et2O 
TLC: Rf = 0.1 in 4:1 Hex/Et2O, Stain: KMnO4, (color: yellow) 
% yield: 76 % (37 mg) 
Physical state: white solid 
d.r.: 7:1  
1H NMR (500 MHz, Chloroform-d) δ 7.64 – 7.57 (m, 8H), 7.54 – 7.48 (m, 4H), 7.47 – 
7.41 (m, 4H), 7.38 – 7.32 (m, 2H), 6.16 (s, 2H), 3.72 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 163.14, 141.87, 140.76, 139.43, 137.37, 128.93, 
128.38, 127.59, 127.51, 127.28, 87.77, 52.61. 
HRMS-ESI (m/z): calculated for C32H26O5 + H
+: 491.1858 found 491.1850.  
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Reaction time: 2 h. 
Flash Chromatography: Hex  4:1 Hex/Et2O 
TLC: Rf= 0.15 in 4:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
% yield: 90% (33 mg) 
Physical state: clear oil 
d.r.: 15:1  
1H NMR (500 MHz, Chloroform-d) δ 7.44 – 7.32 (m, 2H), 7.22 – 7.11 (m, 6H), 6.37 (s, 
2H), 3.70 (s, 6H), 2.45 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 163.34, 140.01, 136.74, 136.49, 130.66, 128.73, 
128.09, 126.40, 83.90, 52.52, 19.29. 
HRMS-ESI (m/z): calculated for C22H22O5 + Na
+: 389.1365 found 389.1369. 
 
 
Reaction time: 3 h. 
Flash Chromatography: Hex  4:1 Hex/EtOAc 
TLC: Rf= 0.15 in 4:1 Hex/EtOAc, Stain: KMnO4 (color: yellow) 
% yield: 67% (285 mg) 
Physical state: yellow oil 
d.r.: 15:1  
1H NMR (500 MHz, Chloroform-d) δ 7.45 – 7.34 (m, 4H), 7.31 – 7.22 (m, 4H), 6.62 (s, 
2H), 3.71 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 162.75, 139.31, 135.89, 133.99, 130.16, 129.88, 
129.36, 127.33, 83.90, 52.72. 
HRMS-ESI (m/z): calculated for C20H16Cl2O5 + Na
+: 429.0272 found 429.0280.  
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Reaction time: 48 h 
Flash Chromatography: 4:1 Hex/Et2O 
TLC: Rf= 0.1 in 4:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
% yield: 32% (158 mg)  
Physical state: clear oil 
d.r.: 9:1  
1H NMR (500 MHz, Chloroform-d) δ 7.59 – 7.42 (m, 4H), 7.36 – 7.21 (m, 5H), 6.03 (s, 
2H), 3.71 (s, 7H). 
13C NMR (126 MHz, Chloroform-d) δ 162.48, 140.15, 139.00, 132.09, 130.87, 130.21, 
126.19, 122.74, 87.20, 52.56. 
HRMS-ESI (m/z): calculated for C20H16Br2O5 + H
+: 494.9443 found 494.9433.  
 
 
Reaction time: 24 h 
Flash Chromatography: Hex  10:1 Hex/Et2O 
TLC: Rf= 0.29 in 10:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
% yield: 82% (30 mg)  
Physical state: clear oil 
1H NMR (500 MHz, Chloroform-d) δ 7.56 – 7.05 (m, 10H), 3.73 (s, 6H), 2.01 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 163.93, 142.72, 141.55, 128.23, 127.82, 126.18, 
90.45, 52.49, 28.27. 
HRMS-ESI (m/z): calculated for C22H22O5 + Na
+: 389.1365 found 389.1367.  
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Reaction time: 8 h 
Flash Chromatography: Hex4:1 Hex/Et2O 
TLC: Rf= 0.2 in 4:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
% yield: 81% (34 mg)  
Physical state: clear oil 
d.r.: 12:1  
1H NMR (500 MHz, Chloroform-d) δ 7.63 (d, J = 8.1 Hz, 2H), 7.53 (d, J = 8.1 Hz, 2H), 
7.29 (d, J = 8.1 Hz, 2H), 7.20 (d, J = 8.1 Hz, 2H), 6.11 (AB, J = 5.4 Hz, 1H), 6.09 (AB, J 
= 5.4 Hz, 1H), 3.70 (s, 6H), 2.37 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 163.08, 162.71, 142.52, 140.50, 139.16, 138.11, 
134.96, 131.35, 131.10, 130.84, 130.58, 129.58, 128.15, 127.86, 125.69, 125.66, 125.63, 
125.60, 125.22, 123.05, 110.14, 88.21, 86.99, 52.63, 52.60, 21.40. 
HRMS-ESI (m/z): calculated for C22H19 F3O5 + H
+: 421.1263 found 421.1262. 
 
 
Reaction time: 3 h 
Flash Chromatography: Hex4:1 Hex/Et2O 
TLC: Rf= 0.1 in 4:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
% yield: 81 % (34 mg)  
Physical state: clear oil 
d.r.: 2:1  
1H NMR (500 MHz, Chloroform-d) δ 7.66 (d, J = 2.1 Hz, 1H), 7.44 (d, J = 8.2 Hz, 1H), 
7.31 – 7.24 (overlap, 3H), 7.21 (d, J = 7.7 Hz, 2H), 6.06 (AB, J = 5.3 Hz, 1H), 5.99 (AB, 
J = 5.3 Hz, 1H), 3.72 (s, 3H), 3.69 (s, 3H), 2.37 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 163.08, 162.57, 140.78, 139.22, 138.99, 137.68, 
134.90, 134.82, 133.19, 130.51, 129.61, 127.82, 127.76, 122.71, 88.17, 86.30, 52.67, 
21.42. 
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HRMS-ESI (m/z): calculated for C21H18 BrClO5 + Na
+: 486.9924 found 486.9940. 
 
 
Reaction time: 48 h 
Flash Chromatography: 4:1 Hex/Et2O 
TLC: Rf= 0.2 in 4:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
% yield: 38% (115 mg)  
Physical state: yellow oil 
1H NMR (500 MHz, Chloroform-d) δ 7.23 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 8.0 Hz, 2H), 
5.93 (s, 1H), 3.84 (s, 3H), 3.62 (s, 2H), 2.33 (s, 3H), 1.61 (s, 3H), 1.51 (s, 3H). 
, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 163.91, 163.35, 143.70, 138.49, 137.02, 135.96, 
129.35, 127.47, 88.87, 85.69, 52.55, 52.28, 28.03, 26.88, 21.35. 
HRMS-ESI (m/z): calculated for C17H20O5 + Na
+: 327.1208 found 327.1219. 
 
 
Reaction time: 48 h 
Flash Chromatography: 4:1 Hex/Et2O 
TLC: Rf= 0.2 in 4:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
% yield: 41 % (134 mg)  
Physical state: yellow oil 
1H NMR (500 MHz, Chloroform-d) δ 7.39 – 7.26 (m, 4H), 5.92 (s, 1H), 3.84 (s, 3H), 3.63 
(s, 3H), 1.61 (s, 3H), 1.52 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 163.80, 162.98, 144.61, 137.57, 135.96, 134.54, 
128.92, 128.85, 89.21, 85.02, 52.65, 52.35, 27.93, 26.85. 
HRMS-ESI (m/z): calculated for C16H17ClO5 + Na
+: 347.0662 found 347.0665. 
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Reaction Time: 48 h  
Flash Chromatography: 15:4:1 Hex/Et2O/PhMe 
TLC: Rf
 maj, min =0.1, 0.2 in 4:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
% yield: 57 % (203 mg) 
Physical state: yellow oil 
d.r.: 3:1  
 1H NMR (500 MHz, Chloroform-d) δ 7.50 – 7.42 (m, 2H), 7.39 – 7.29 (m, 3H), 5.97 (d, 
J = 3.7 Hz, 1H), 5.79 (dt, J = 3.7, 2.0 Hz, 1H), 3.85 (s, 3H), 3.65 (s, 3H), 2.27 (td, J = 7.1, 
2.0 Hz, 2H), 1.54 (tt, J = 7.2, 7.1 Hz, 2H), 1.43 – 1.29 (m, 4H), 0.90 (t, J = 7.2 Hz, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 162.72, 162.24, 139.79, 138.37, 135.20, 128.92, 
128.61, 127.71, 89.56, 89.17, 76.36, 75.93, 52.68, 52.56, 31.06, 28.16, 22.33, 18.96, 14.12. 
HRMS-ESI (m/z): calculated for C21H24O5 + Na
+: 379.1521 found 379.1511.  
 
 
Physical state: yellow oil. 
1H NMR (500 MHz, Chloroform-d) δ 7.41 – 7.30 (m, 5H), 6.17 (d, J = 5.6 Hz, 1H), 5.94 
(dt, J = 5.6, 2.0 Hz, 1H), 3.85 (s, 3H), 3.65 (s, 3H), 2.23 (td, J = 7.2, 2.0 Hz, 2H), 1.52 (tt, 
J = 7.2, 7.2 Hz, 2H), 1.38 – 1.27 (m, 4H), 0.90 (t, J = 7.1 Hz, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 162.83, 162.04, 140.16, 137.80, 135.75, 129.06, 
128.79, 127.29, 89.15, 88.49, 76.36, 75.93, 52.66, 52.53, 31.06, 28.13, 22.29, 18.94, 14.10. 
HRMS-ESI (m/z): calculated for C21H24O5 + Na
+: 379.1521 found 379.1511.  
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Reaction Time: 1 h  
Flash Chromatography: 4:1 Hex/Et2O 
TLC: Rf
 maj, min =0.1, 0.2 in 4:1 Hex/Et2O, Stain: KMnO4 (color: yellow) 
Yield%: 56 % (170 mg), 80 % (243 mg) (5 equiv. dipolarophile) 
Physical state: colorless oil 
d.r.: 3:1  
1H NMR (500 MHz, Chloroform-d) δ 7.45 – 7.29 (m, 5H), 5.94 (d J = 4.5 Hz, 1H), 5.86 
(dq, 15.1, 6.5 Hz, 1H), 5.66 (ddd, J = 15.1, 7.8, 1.5 Hz, 1H), 5.50 (dd, J = 7.8, 4.5 Hz, 1H), 
3.81 (s, 3H), 3.62 (s, 3H), 1.75 (dd, J = 6.5, 1.5 Hz  3H). 
13C NMR (126 MHz, Chloroform-d) δ 163.41,162.80, 139.60, 138.95, 137.74, 131.67, 
128.85, 128.61, 128.43, 127.74, 87.77, 87.21, 52.55, 52.36, 17.89. 
HRMS-ESI (m/z): calculated for C17H18O5 + Na
+: 325.1052 found 325.1045.  
 
 
Physical state: colorless oil. 
1H NMR (500 MHz, Chloroform-d) δ 7.40 – 7.27 (m, 5H), 6.09 (d, J = 6.1 Hz, 1H), 5.90 
(dq, J =15.1, 6.6, 1H), 5.70 (dd, J =7.7, 6.1 Hz,  1H), 5.57 (ddd, J = 15.1, 7.7, 1.4 Hz, 1H), 
3.82 (s, 3H), 3.65 (s, 3H), 1.74 (dd, J = 6.6, 1.4 Hz, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 163.20, 162.83, 138.98, 138.90, 138.10, 131.35, 
128.85, 128.77, 127.63, 127.16, 87.97, 87.64, 52.56, 52.40, 17.92. 
HRMS-ESI (m/z): calculated for C17H18O5 + Na
+: 325.1052 found 325.1045.  
 
 
 
Reaction Time: 5 d 
Scale:  3 mmol 
Flash Chromatography:  10:1  4:1  1:1 Hex/EtOAc 
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 95% (1.27 g) 
Physical state: yellow oil 
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d.r. 3:3:2:1  
 
Major 1:  
1H NMR (500 MHz, Chloroform-d) δ 7.20 (d, J = 2.0 Hz, 1H), 7.11 (dd, J = 8.2, 2.0 Hz, 
1H), 6.98 – 6.73 (m, 4H), 5.94 (s, 2H), 5.25 (d, J = 8.2 Hz, 1H), 4.99 (d, J = 8.6 Hz, 1H), 
3.94 (s, 3H), 3.90 (s, 3H), 3.77 (dd, J = 8.2, 6.1 Hz, 1H), 3.70 (s, 3H), 3.68 (dd, J = 8.6, 
6.1 Hz, 1H), 3.30 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 172.62, 171.69, 149.35, 149.27, 147.56, 147.48, 
131.62, 131.19, 120.30, 119.65, 111.06, 110.23, 108.05, 107.27, 101.18, 83.70, 82.47, 
56.06, 56.05, 54.76, 54.69, 52.50, 51.98. 
 
Major 2:  
1H NMR (500 MHz, Chloroform-d) δ 7.18 (d, J = 1.7 Hz, 1H), 7.01 (dd, J = 8.0, 1.7 Hz, 
1H), 6.97 – 6.74 (m, 4H), 5.94 (s, 2H), 5.26 (d, J = 8.2 Hz, 1H), 4.96 (d, J = 8.8 Hz, 1H), 
3.89 (s, 3H), 3.87 (s, 3H), 3.76 (dd, J = 8.2, 6.0 Hz, 1H), 3.70 (s, 3H), 3.67 (dd, J = 8.8, 
6.0 Hz, 1H), 3.24 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 172.56, 171.81, 148.96, 148.85, 148.74, 147.89, 
133.09, 129.71, 120.92, 119.21, 110.79, 109.83, 108.26, 107.51, 101.26, 83.66, 82.56, 
56.05, 56.01, 54.87, 54.72, 52.52, 51.98. 
 
Middle:  
1H NMR (500 MHz, Chloroform-d) δ 7.05 – 6.69 (m, 6H), 5.98 (s, 2H), 5.82 (AB, 2H), 
3.92 (AB, 2H), 3.88 (s, 3H), 3.87 (s, 3H), 3.39 (s, 3H), 3.34 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 170.83, 170.75, 148.76, 147.69, 147.31, 133.01, 
131.43, 119.62, 118.58, 110.78, 109.32, 108.05, 106.74, 101.16, 82.66, 82.58, 55.97, 
55.99, 52.24, 52.21, 51.95, 51.94. 
 
Minor:  
1H NMR (500 MHz, Chloroform-d) δ 6.92 – 6.75 (m, 6H), 5.96 (s, 2H), 5.33 (AB, 2H), 
3.90 (s, 3H), 3.88 (s, 3H), 3.72 (s, 3H), 3.71 (s, 3H), 3.60 (AB, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 171.68, 171.67, 149.31, 149.11, 148.14, 147.64, 
134.28, 132.48, 119.78, 118.68, 111.17, 109.22, 108.37, 106.63, 101.28, 83.34, 83.09, 
56.81, 56.56, 56.06, 56.05, 52.64, 52.60. 
HRMS-ESI (m/z): calculated C23H24O9 + Na
+: 467.1318 found 467.1312.  
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Reaction Time: 10 d 
Scale:  3 mmol 
Flash Chromatography:  10:1  4:1  1:1 Hex/EtOAc  
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 87% (1.16 g) 
Physical state: yellow oil 
d.r. 5:1.5:1.5:1 
 
Major:  
1H NMR (500 MHz, Chloroform-d) δ 7.02 (dd, J = 8.2, 2.0 Hz, 1H), 6.98 (dd, J = 9.6, 
1.9 Hz, 2H), 6.94 (dd, J = 8.0, 1.7 Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 6.80 (d, J = 8.0 Hz, 
1H), 5.96 (s, 2H), 5.28 (AB, J = 9.5, 7.0 Hz, 2H), 3.89 (s, 3H), 3.88 (s, 3H), 3.70 (s, 3H), 
3.70 (s, 3H), 3.38 (AB, J = 7.7, 6.7 Hz, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 171.39, 171.34, 149.15, 149.11, 148.03, 147.67, 
133.72, 132.23, 120.20, 118.76, 111.28, 109.79, 108.38, 106.87, 101.27, 82.53, 82.51, 
56.07, 56.04, 55.11, 55.00, 52.38, 52.36. 
 
Middle 1 + Middle 2:  
1H NMR (500 MHz, Chloroform-d) δ 7.13 – 6.71 (overlap, 12H), 5.94 (overlap, 4 H), 
5.88 – 5.80 (overlap, 2H), 5.58 – 5.49 (overlap, 2H), 3.90 (s, 3H), 3.87 (s, 9H), 3.75 – 
3.71 (overlap, 2H), 3.68 (s, 3H), 3.67 (s, 3H), 3.48 (dd, J = 8.7, 7.2 Hz, 1H), 3.45 (dd, J = 
8.5, 7.3 Hz, 1H), 3.37 (s, 3H), 3.31 (s, 3H).  
13C NMR (126 MHz, Chloroform-d) δ 170.90, 170.68, 170.62, 149.15, 148.93, 148.86, 
148.73, 147.98, 147.68, 147.40, 147.22, 136.75, 135.14, 131.52, 130.01, 119.65, 119.50, 
118.57, 118.33, 111.28, 110.81, 109.51, 108.93, 108.36, 108.14, 106.68, 106.63, 101.16, 
83.03, 82.92, 81.19, 81.16, 56.25, 56.08, 56.06, 56.03, 56.01, 54.99, 54.95, 52.37, 52.34, 
51.82, 51.81. 
 
Minor:  
1H NMR (500 MHz, Chloroform-d) δ 7.13 – 6.71 (overlap, 6H), 5.93 (s, 2H), 5.21 (AB, 
J = 12.8, 7.5 Hz, 2H), 3.91 (s, 3H), 3.88 (s, 3H), 3.75 (AB, J = 12.8, 7.5 Hz, 2H), 3.39 (s, 
3H), 3.32 (s, 3H). 
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13C NMR (126 MHz, Chloroform-d) δ 170.02, 169.95, 148.77, 148.71, 147.48, 147.24, 
131.32, 129.98, 120.75, 119.86, 110.78, 110.55, 108.06, 107.81, 101.08, 81.48, 81.44, 
56.09, 55.97, 52.65, 52.31, 51.63, 51.62. 
HRMS-ESI (m/z): calculated C23H24O9 + Na
+: 467.1318 found 467.1329.  
 
 
Reaction Time: 2 d 
Scale:  3 mmol 
Flash Chromatography:  10:1  4:1  1:1 Hex/EtOAc  
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 93% (1.11 g) 
Physical state: yellow oil 
d.r. 5:2.5:1 
 
Major:  
1H NMR (500 MHz, Chloroform-d) δ 7.53 (d, J = 8.7 Hz, 2H), 7.31 (d, J = 8.6 Hz, 2H), 
6.94 (d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 5.30 (d, J = 8.4 Hz, 1H), 5.00 (d, J = 
8.7 Hz, 1H), 3.82 (s, 3H), 3.79 (s, 3H), 3.78 (dd, 8.7, 6.6 Hz, 1H), 3.69 (dd, J = 8.4, 6.6 
Hz, 1H), 3.69 (s, 3H), 3.21 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ, 172.63, 170.90, 159.86, 159.44, 131.32, 129.50, 
128.45, 127.94, 114.06, 113.67, 83.49, 82.32, 55.37, 55.36, 54.84, 54.79, 52.42, 51.84. 
 
Middle:  
1H NMR (500 MHz, Chloroform-d) δ 7.25 (d, J = 8.5 Hz, 4H), 6.86 (d, J = 8.7 Hz, 4H), 
5.84 (AB, J = 6.0, 1.7 Hz, 2H), 3.96 (AB, J = 6.0, 1.7 Hz, 2H), 3.79 (s, 6H), 3.33 (s, 6H). 
 13C NMR (126 MHz, Chloroform-d) δ 171.84, 159.55, 131.28, 127.49, 113.54, 82.49, 
55.41, 52.14, 51.86. 
 
Minor:  
1H NMR (500 MHz, Chloroform-d) δ 7.37 (d, J = 8.6 Hz, 4H), 6.90 (d, J = 8.7 Hz, 4H), 
5.34 (AB, J = 5.7, 2.5 Hz, 2H), 3.81 (6, 2H), 3.69 (s, 6H), 3.62 (AB, J = 5.7, 2.5 Hz, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 171.76, 159.64, 132.33, 127.57, 114.11, 83.00, 
56.66, 55.36, 52.53. 
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HRMS-ESI (m/z): calculated C22H24O7 + Na
+: 423.1420 found 423.1413. 
 
 
Reaction Time: 24 h  
Scale: 1 mmol 
Flash Chromatography: 4:1 Hex/EtOAc  
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 93% (371 mg) 
Physical state: yellow oil 
d.r. 1.4:1   
 
Major:  
1H NMR (500 MHz, Chloroform-d) δ 7.40 (d, J = 8.5 Hz, 4H), 6.91 (d, J = 8.5 Hz, 4H), 
5.30 (AB, J = 5.3, 2.2 Hz, 2H), 3.81 (s, 6H), 3.69 (s, 6H), 3.39 (AB, J = 5.3, 2.3 Hz, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 171.34, 159.54, 131.80, 127.67, 113.94, 82.26, 
55.27, 55.05, 52.15. 
 
Minor:  
1H NMR (500 MHz, Chloroform-d) δ 7.45 (d, J = 8.7 Hz, 2H), 7.29 (d, J = 8.5 Hz, 2H), 
6.90 (d, J = 8.5 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 5.85 (d, J = 8.8 Hz, 1H), 5.56 (d, J = 
5.8 Hz, 1H), 3.80 (s, 3H), 3.79 (s, 3H), 3.73 (dd, J = 7.2, 5.8 Hz, 1H), 3.67 (s, 3H), 3.47 
(dd, J = 8.8, 7.2 Hz, 1H), 3.30 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 170.87, 170.71, 159.48, 159.31, 134.86, 129.76, 
127.50, 127.23, 114.01, 113.64, 82.83, 81.02, 56.19, 55.41, 55.36, 54.92, 52.28, 51.67. 
HRMS-ESI (m/z): calculated C22H24O7 + Na
+: 423.1420 found 423.1406. 
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Reaction Time: 10 d 
Scale: 3 mmol 
Flash Chromatography: 10:1  4:1  1:1 Hex/EtOAc 
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 99% (1.36 g) 
Physical state: yellow oil 
d.r. 6:2:1  
 
Major: 
 1H NMR (500 MHz, Chloroform-d) δ 7.23 (d, J = 2.0 Hz, 1H), 7.11 (dd, J = 8.2, 2.0 Hz, 
1H), 7.02 – 6.78 (m, 4H), 5.28 (d, J = 8.2 Hz, 1H), 5.00 (d, J = 8.5 Hz, 1H), 3.93 (s, 3H), 
3.89 (s, 3H), 3.87 (s, 3H), 3.86 (s, 3H), 3.78 (dd, J = 8.2, 6.0 Hz, 1H), 3.71 (dd, J = 8.5, 
6.0 Hz, 1H), 3.70 (s, 3H), 3.23 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 172.53, 171.71, 149.16, 149.10, 148.78, 148.56, 
131.66, 129.67, 119.47, 119.04, 110.89, 110.63, 110.09, 109.67, 83.52, 82.41, 55.89, 
55.86, 55.82, 55.79, 54.63, 54.61, 52.34, 51.80. 
 
Middle: 
1H NMR (500 MHz, Chloroform-d) δ 7.02 – 6.80 (overlap, 6H), 5.85 (AB, J = 6.0, 1.4 
Hz, 2H), 3.91 (AB, J = 6.0, 1.4 Hz, 2H), 3.88 (s, 6H), 3.87 (s, 6H), 3.86 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 171.02, 148.83, 148.80, 131.49, 118.65, 110.86, 
109.44, 82.75, 55.99, 55.92, 52.54, 51.93. 
 
Minor: 
1H NMR (500 MHz, Chloroform-d) δ 7.05 – 6.76 (overlap, 6H), 5.35 (AB, J = 5.6, 2.5 
Hz, 2H), 3.89 (s, 6H), 3.87 (s, 6H), 3.70 (s, 6H), 3.62 (AB, J = 5.6, 2.5 Hz, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 171.76, 149.29, 149.07, 132.64, 119.47, 111.15, 
109.21, 83.17, 56.55, 56.03, 55.95, 52.57. 
HRMS-ESI (m/z): calculated C24H28O9 + Na
+: 483.1613 found 483.1605. 
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Reaction Time: 10 d 
Scale: 1.5 mmol 
Flash Chromatography: 10:1  4:1  1:1 Hex/EtOAc 
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 87% (612 mg) 
Physical state: yellow oil 
d.r. 5.4:3.6:1 
 
Major:  
1H NMR (500 MHz, Chloroform-d) δ 7.15 – 6.77 (overlap, 6H), 5.33 (AB, J = 5.1, 2.2 
Hz, 2H), 3.88 (s, 6H), 3.87 (s, 6H), 3.70 (s, 6H), 3.42 (AB, J = 5.1, 2.2 Hz, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 171.45, 149.10, 149.05, 132.36, 118.71, 111.18, 
109.75, 82.45, 56.05, 55.97, 54.92, 52.38. 
 
Middle: 
1H NMR (500 MHz, Chloroform-d) δ 7.15 – 6.79 (overlap, 6H), 5.87 (d, J = 8.7 Hz, 1H), 
5.56 (d, J = 5.6 Hz, 1H), 3.90 (s, 6H), 3.88 (s, 6H), 3.74 (dd, 5.6, 7.2 Hz, 1H), 3.67 (s, 
3H), 3.48 (dd, J = 8.6, 7.2 Hz, 1H), 3.31 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 170.92, 170.68, 149.11, 148.89, 148.81, 148.68, 
135.23, 130.09, 118.54, 118.31, 111.22, 110.74, 109.42, 108.88, 82.99, 81.18, 56.11, 
56.04, 55.99, 55.00, 52.45, 51.62.  
 
Minor:  
1H NMR (500 MHz, Chloroform-d) δ 7.14 – 6.78 (overlap, 6H), 5.23 (AB, J = 5.4, 1.9 
Hz, 1H), 3.88 (s, 6H), 3.87 (s, 6H), 3.76 (AB, J = 5.4, 1.9 Hz, 1H), 3.32 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 170.05, 148.66, 148.63, 130.03, 119.76, 110.68, 
110.46, 81.48, 56.01, 55.93, 52.35, 51.82. 
HRMS-ESI (m/z): calculated C24H28O9 + Na
+: 483.1613 found 483.1627. 
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Reaction Time: 5 d 
Scale: 3 mmol 
Flash Chromatography: 10:1  4:1  1:1 Hex/EtOAc 
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 98% (1.26 g) 
Physical state: yellow oil 
d.r. 5:2:1 
 
Major: 
1H NMR (500 MHz, Chloroform-d) δ 7.15 (d, J = 1.7 Hz, 1H), 7.00 (dd, J = 8.0, 1.7 Hz, 
1H), 6.91 – 6.73 (m, 4H), 5.94 (s, 4H), 5.23 (d, J = 8.3 Hz, 1H), 4.94 (d, J = 8.6 Hz, 1H), 
3.75 (dd, J = 8.3, 6.1 Hz, 1H), 3.70 (s, 3H), 3.64 (dd, J = 8.6, 6.1 Hz, 1H), 3.29 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 172.47, 171.61, 148.04, 147.87, 147.54, 147.46, 
132.96, 131.05, 120.86, 120.26, 108.24, 108.03, 107.47, 107.26, 101.25, 101.17, 83.58, 
82.40, 54.82, 54.67, 52.49, 51.99. 
 
Middle:  
1H NMR (500 MHz, Chloroform-d) δ 6.92 – 6.70 (overlap, 6H), 5.97 (s, 4H), 5.79 (AB, 
J = 5.9, 1.7 Hz, 2H), 3.93 (AB, J = 5.9, 1.7 Hz, 2H), 3.40 (s, 6H) 
13C NMR (126 MHz, Chloroform-d) δ 170.60, 147.74, 147.37, 133.06, 119.64, 108.08, 
106.76, 101.25, 83.19, 52.49, 51.96. 
 
Minor: 
1H NMR (500 MHz, Chloroform-d) δ 6.91 – 6.74 (overlap, 6H), 5.96 (s, 4H), 5.30 (AB, 
J = 5.7, 2.6 Hz, 2H), 3.70 (s, 6H), 3.56 (AB, J = 5.7, 2.6 Hz, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 171.51, 148.10, 147.63, 134.08, 119.77, 108.33, 
106.59, 83.19, 56.75, 52.60, 51.97. 
HRMS-ESI (m/z): calculated C22H20O9 + Na
+: 451.1005 found 451.0998. 
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Reaction Time: 4 d 
Scale: 3 mmol 
Flash Chromatography: 4:1  1:1 Hex/EtOAc 
TLC: Rf= 0.4 in 1:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 94% (1.47 g) 
Physical state: yellow oil 
d.r. 4:2:1 
 
Major: 
1H NMR (500 MHz, Chloroform-d) δ 7.49 (d, J = 8.7 Hz, 1H), 7.15 (d, J = 8.7 Hz, 1H), 
6.77 (d, J = 8.7 Hz, 1H), 6.62 (d, J = 8.7 Hz, 1H), 5.54 (d, J = 8.0 Hz, 1H), 5.35 (d, J = 
8.5 Hz, 1H), 3.98 (s, 3H), 3.98 (s, 3H), 3.88 (s, 3H), 3.86 (s, 3H), 3.85 (s, 3H), 3.83 (s, 
3H), 3.79 (dd, J = 8.0, 5.3 Hz, 1H), 3.69 (s, 3H), 3.63 (dd, J = 8.5, 5.3 Hz, 1H), 3.18 (s, 
3H). 
13C NMR (126 MHz, Chloroform-d) δ 172.83, 172.08, 153.38, 153.23, 150.91, 150.79, 
141.39, 141.25, 125.17, 123.22, 122.06, 120.72, 107.69, 106.67, 77.63, 77.42, 61.13, 
60.88, 60.72, 60.68, 60.66, 55.96, 54.35, 53.80, 52.14, 51.53. 
 
Middle: 
1H NMR (500 MHz, Chloroform-d) δ 7.11 (d, J = 8.7 Hz, 2H), 6.62 (d, J = 8.7 Hz, 2H), 
6.09 (AB, J = 6.5, 1.7 Hz, 2H), 3.91 (AB, J = 6.5, 1.7 Hz, 2H), 3.88 (s, 6H), 3.86 (s, 6H), 
3.83 (s, 6H), 3.25 (s, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 171.65, 153.53, 151.62, 141.66, 124.83, 121.28, 
106.63, 78.35, 60.79, 60.68, 60.66, 52.40, 51.48. 
 
Minor:  
1H NMR (500 MHz, Chloroform-d) δ 7.20 (d, J = 8.7 Hz, 2H), 6.68 (d, J = 8.7 Hz, 2H), 
5.56 (AB, J = 6.2, 2.7 Hz, 2H), 3.88 (s, 6H), 3.87 (s, 6H), 3.86 (s, 6H), 3.67 (s, 6H), 3.61 
(AB, J = 6.2, 2.7 Hz, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 171.77, 153.63, 151.56, 142.01, 125.90, 121.44, 
107.11, 79.15, 60.88, 60.85, 60.72, 55.98, 52.19. 
HRMS-ESI (m/z): calculated C26H32O11 + Na
+: 543.1842 found 543.1828. 
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Reaction time: 7 d 
Scale: 0.3 mmol 
Flash Chromatography: 4:1  1:1 Hex/EtOAc 
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
 % yield: 84% (135 mg) 
Physical state: clear oil 
d.r. 1.6:1 
 
Major: 
1H NMR (500 MHz, Chloroform-d) δ 7.36 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 
6.60 (s, 2H), 6.06 (d, J = 5.0 Hz, 1H), 6.01 (d, J = 5.0 Hz, 1H), 3.87 (s, 3H), 3.83 (s, 3H), 
3.80 (s, 6H), 3.73 (s, 3H), 3.68 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 163.38, 162.94, 160.19, 153.64, 140.26, 138.03, 
134.07, 130.98, 129.41, 128.58, 114.07, 104.61, 87.97, 87.58, 60.95, 56.29, 56.18, 52.61, 
52.56. 
 
Minor:  
1H NMR (500 MHz, Chloroform-d) δ 7.31 (d, J = 8.7 Hz, 2H), 6.90 (d, J = 8.7 Hz, 2H), 
6.60 (s, 2H), 6.27 – 6.21 (m, 2H), 3.84 (s, 3H), 3.81 (s, 3H), 3.80 (s, 6H), 3.73 (s, 3H), 
3.69 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 163.09, 162.82, 153.41, 138.77, 138.73, 138.44, 
138.21, 134.03, 130.53, 114.30, 104.12, 88.70, 88.44, 60.95, 55.44, 55.43, 52.61, 52.56. 
HRMS-ESI (m/z): calculated C24H26O9 + Na
+: 481.1475 found 481.1476 
 
References for Experimental:  
1. Chai, C.; Armarego, W. L. F. Purification of Laboratory Chemicals; 6th ed.; 
Butterworth Heinemann: Oxford, 2009.  
2. Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. 
Organometallics 1996, 15, 1518.  
3. Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923. 
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2.7.3 NMR Spectra 
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Computing details 
Data collection: APEX3 (Bruker, 2016); cell refinement: APEX3 (Bruker, 2016); data 
reduction: SAINT (Bruker, 2016); program(s) used to solve structure: ShelXT (Sheldrick, 
2015); program(s) used to refine structure: SHELXL (Sheldrick, 2015); molecular 
graphics: Olex2 (Dolomanov et al., 2009); software used to prepare material for 
publication: Olex2 (Dolomanov et al., 2009). 
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References 
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(twin4_transformed) 
Crystal data 
 C32H24N2O3 F(000) = 2032 
Mr = 484.53 Dx = 1.303 Mg m
-3 
Monoclinic, P21/c Cu K  radiation,  = 1.54178 Å 
a = 29.638 (3) Å Cell parameters from 2513 reflections 
b = 9.9154 (9) Å  = 5.2–65.7° 
c = 17.199 (2) Å  = 0.67 mm-1 
 = 102.137 (8)° T = 100 K 
V = 4941.3 (10)  Å3 Prism 
Z = 8 0.34 × 0.22 × 0.12 mm 
 
Data collection 
 Bruker X8 Proteum-R  59476 independent reflections 
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diffractometer 
Radiation source: rotating anode 47057 reflections with I > 2 (I) 
Montel monochromator max = 66.8°, min = 4.6° 
 and  scans h = -35 35 
Absorption correction: multi-scan  
TWINABS-2012/1 (Bruker,2012) was 
used for absorption correction. 
Final HKLF 4 output contains 121173 
reflections, Rint = 0.1178  (63919 with I 
> 3sig(I), Rint = 0.1091) 
k = -11 11 
Tmin = 0.650, Tmax = 0.840 l = -20 20 
59476 measured reflections  
 
Refinement 
 Refinement on F2 Primary atom site location: dual 
Least-squares matrix: full Hydrogen site location: inferred from 
neighbouring sites 
R[F2 > 2 (F2)] = 0.075 H-atom parameters constrained 
wR(F2) = 0.220  w = 1/[ 2(Fo
2) + (0.1131P)2]   
where P = (Fo
2 + 2Fc
2)/3 
S = 1.06 ( / )max < 0.001 
59476 reflections max = 0.26 e Å
-3 
672 parameters min = -0.35 e Å
-3 
0 restraints  
 
Special details 
 Geometry. All esds (except the esd in the dihedral angle between two l.s. planes)  
are estimated using the full covariance matrix.  The cell esds are taken  into 
account individually in the estimation of esds in distances, angles  and torsion 
angles; correlations between esds in cell parameters are only  used when they are 
defined by crystal symmetry.  An approximate (isotropic)  treatment of cell esds 
is used for estimating esds involving l.s. planes. 
Refinement. Refined as a 2-component twin. 
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Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å2) for (twin4_transformed) 
 x y z Uiso*/Ueq 
O2B 0.52398 (7) 1.1070 (2) 0.31849 (13) 0.0285 (5) 
O2A 0.02304 (7) 0.4084 (2) 0.20918 (13) 0.0287 (5) 
O1B 0.30599 (7) 1.0697 (2) 0.20225 (16) 0.0394 (6) 
O3B 0.67191 (8) 1.2591 (2) 0.62826 (15) 0.0369 (6) 
O1A -0.19533 (7) 0.4730 (2) 0.15326 (16) 0.0418 (6) 
O3A 0.16140 (7) 0.2471 (3) -0.00728 (16) 0.0387 (6) 
N2A 0.18833 (9) 0.5864 (3) 0.35263 (18) 0.0349 (6) 
N2B 0.69037 (9) 0.9289 (3) 0.30915 (18) 0.0371 (7) 
C13B 0.59213 (10) 0.6932 (3) 0.5003 (2) 0.0284 (7) 
C26A 0.09411 (10) 0.3937 (3) 0.16504 (19) 0.0267 (6) 
N1A 0.05791 (11) 0.9164 (3) -0.0545 (2) 0.0472 (8) 
N1B 0.54667 (10) 0.5672 (3) 0.59119 (19) 0.0437 (7) 
C8A -0.00063 (10) 0.5000 (3) 0.25111 (18) 0.0276 (7) 
H8A 0.007290 0.477833 0.307885 0.033* 
C5B 0.44898 (10) 1.0369 (3) 0.2451 (2) 0.0281 (7) 
C31B 0.64125 (10) 1.1720 (3) 0.41948 (19) 0.0295 (7) 
H31B 0.654855 1.177033 0.375517 0.035* 
C23A 0.09863 (10) 0.6787 (3) 0.19713 (19) 0.0268 (7) 
C26B 0.59696 (10) 1.1193 (3) 0.41042 (19) 0.0266 (7) 
C3B 0.37300 (10) 0.9986 (3) 0.1638 (2) 0.0312 (7) 
H3B 0.354368 0.964263 0.117769 0.037* 
C22A 0.16967 (10) 0.6326 (3) 0.2926 (2) 0.0291 (7) 
C20B 0.66702 (10) 0.7443 (3) 0.4701 (2) 0.0288 (7) 
C21A 0.14609 (10) 0.6891 (3) 0.21832 (19) 0.0272 (7) 
C9A 0.02101 (9) 0.6380 (3) 0.23840 (19) 0.0261 (6) 
H9A 0.017205 0.700676 0.280604 0.031* 
C4A -0.08081 (10) 0.5358 (3) 0.2707 (2) 0.0294 (7) 
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H4A -0.068032 0.573359 0.319962 0.035* 
C9B 0.52010 (10) 0.8797 (3) 0.28160 (19) 0.0271 (7) 
H9B 0.516795 0.820969 0.234922 0.033* 
C10A 0.00076 (10) 0.6971 (3) 0.1592 (2) 0.0283 (7) 
H10A -0.031201 0.704610 0.145351 0.034* 
C30B 0.66542 (10) 1.2169 (3) 0.4923 (2) 0.0308 (7) 
H30B 0.695044 1.251472 0.496986 0.037* 
C12B 0.56933 (10) 0.7653 (3) 0.4346 (2) 0.0273 (7) 
C21B 0.64295 (10) 0.8180 (3) 0.4031 (2) 0.0282 (7) 
C2B 0.35319 (10) 1.0619 (3) 0.2210 (2) 0.0316 (7) 
C15B 0.64138 (10) 0.6804 (3) 0.5203 (2) 0.0296 (7) 
C11B 0.51898 (10) 0.7682 (3) 0.4119 (2) 0.0298 (7) 
H11B 0.501752 0.734951 0.447011 0.036* 
C23B 0.59540 (10) 0.8306 (3) 0.38447 (19) 0.0275 (7) 
C8B 0.50042 (10) 1.0209 (3) 0.25647 (19) 0.0278 (7) 
H8B 0.509543 1.046045 0.206846 0.033* 
C15A 0.14970 (10) 0.8099 (3) 0.0954 (2) 0.0304 (7) 
C5A -0.05193 (10) 0.4872 (3) 0.2227 (2) 0.0273 (7) 
C25A 0.07075 (10) 0.4422 (3) 0.22971 (19) 0.0265 (6) 
H25A 0.084503 0.394665 0.278940 0.032* 
C24A 0.07254 (10) 0.6000 (3) 0.24793 (19) 0.0253 (6) 
H24A 0.087793 0.613159 0.303742 0.030* 
C13A 0.10049 (10) 0.8022 (3) 0.0759 (2) 0.0301 (7) 
C30A 0.16235 (10) 0.3096 (3) 0.1248 (2) 0.0337 (7) 
H30A 0.193448 0.286509 0.137676 0.040* 
C29A 0.13784 (10) 0.2976 (3) 0.0469 (2) 0.0307 (7) 
C31A 0.14050 (10) 0.3558 (3) 0.1831 (2) 0.0314 (7) 
H31A 0.156998 0.361821 0.235291 0.038* 
C7B 0.38089 (10) 1.1109 (3) 0.2903 (2) 0.0323 (7) 
H7B 0.367733 1.152243 0.328693 0.039* 
C24B 0.57176 (9) 0.9131 (3) 0.31409 (19) 0.0258 (6) 
 223 
 
H24B 0.588181 0.898166 0.270983 0.031* 
C12A 0.07510 (10) 0.7392 (3) 0.1249 (2) 0.0278 (7) 
C6B 0.42872 (10) 1.0978 (3) 0.3019 (2) 0.0297 (7) 
H6B 0.447335 1.130381 0.348443 0.036* 
C25B 0.57153 (9) 1.0705 (3) 0.33057 (19) 0.0262 (6) 
H25B 0.584661 1.115947 0.289823 0.031* 
C29B 0.64564 (10) 1.2107 (3) 0.5588 (2) 0.0302 (7) 
C22B 0.66949 (10) 0.8800 (3) 0.3508 (2) 0.0305 (7) 
C20A 0.17296 (10) 0.7532 (3) 0.1684 (2) 0.0293 (7) 
C4B 0.42042 (10) 0.9873 (3) 0.1760 (2) 0.0298 (7) 
H4B 0.433533 0.945982 0.137571 0.036* 
C27B 0.57776 (10) 1.1119 (3) 0.4776 (2) 0.0315 (7) 
H27B 0.548369 1.075816 0.473107 0.038* 
C28B 0.60163 (11) 1.1575 (3) 0.5511 (2) 0.0344 (7) 
H28B 0.588142 1.152241 0.595185 0.041* 
C11A 0.02467 (10) 0.7401 (3) 0.1067 (2) 0.0301 (7) 
H11A 0.008990 0.771451 0.057438 0.036* 
C3A -0.12827 (10) 0.5289 (3) 0.2458 (2) 0.0326 (7) 
H3A -0.147134 0.561961 0.278349 0.039* 
C6A -0.07191 (10) 0.4303 (3) 0.1499 (2) 0.0302 (7) 
H6A -0.052986 0.396849 0.117536 0.036* 
C2A -0.14791 (10) 0.4728 (3) 0.1725 (2) 0.0332 (7) 
C10B 0.49718 (10) 0.8175 (3) 0.3419 (2) 0.0290 (7) 
H10B 0.465130 0.812601 0.329825 0.035* 
C19A 0.22174 (10) 0.7595 (3) 0.1898 (2) 0.0343 (8) 
H19A 0.237393 0.722413 0.237557 0.041* 
C7A -0.11990 (11) 0.4222 (3) 0.1238 (2) 0.0333 (7) 
H7A -0.132801 0.383711 0.074888 0.040* 
C32A 0.13408 (11) 0.2079 (3) -0.0823 (2) 0.0360 (8) 
H32D 0.153356 0.164787 -0.113307 0.054* 
H32E 0.119937 0.286194 -0.109943 0.054* 
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H32F 0.110557 0.146150 -0.074098 0.054* 
C14A 0.07660 (11) 0.8653 (3) 0.0036 (2) 0.0346 (7) 
C32B 0.64840 (12) 1.2844 (3) 0.6915 (2) 0.0387 (8) 
H32A 0.621295 1.337422 0.671793 0.058* 
H32B 0.668488 1.332570 0.733378 0.058* 
H32C 0.639641 1.200261 0.711607 0.058* 
C27A 0.07053 (10) 0.3842 (3) 0.0870 (2) 0.0321 (7) 
H27A 0.039755 0.410567 0.073661 0.039* 
C16B 0.66448 (11) 0.6039 (3) 0.5859 (2) 0.0343 (7) 
H16B 0.647658 0.562612 0.619247 0.041* 
C19B 0.71570 (10) 0.7292 (3) 0.4878 (2) 0.0333 (7) 
H19B 0.733262 0.770958 0.455859 0.040* 
C28A 0.09171 (10) 0.3365 (3) 0.0283 (2) 0.0348 (7) 
H28A 0.075117 0.330374 -0.023878 0.042* 
C14B 0.56618 (11) 0.6239 (3) 0.5501 (2) 0.0324 (7) 
C16A 0.17542 (11) 0.8732 (3) 0.0456 (2) 0.0358 (8) 
H16A 0.160440 0.911138 -0.002370 0.043* 
C18B 0.73697 (11) 0.6536 (3) 0.5515 (2) 0.0383 (8) 
H18B 0.768897 0.644111 0.562257 0.046* 
C17B 0.71132 (11) 0.5903 (4) 0.6009 (2) 0.0393 (8) 
H17B 0.726248 0.538819 0.643831 0.047* 
C17A 0.22259 (11) 0.8786 (3) 0.0679 (2) 0.0393 (8) 
H17A 0.239436 0.921249 0.035143 0.047* 
C18A 0.24571 (11) 0.8208 (3) 0.1394 (2) 0.0382 (8) 
H18A 0.277761 0.824039 0.153056 0.046* 
C1B 0.28325 (12) 1.1078 (4) 0.2646 (3) 0.0489 (10) 
H1BA 0.250661 1.092772 0.247691 0.073* 
H1BB 0.288829 1.201621 0.276865 0.073* 
H1BC 0.295007 1.054708 0.311139 0.073* 
C1A -0.21684 (12) 0.4336 (4) 0.0744 (3) 0.0487 (10) 
H1AA -0.205349 0.488501 0.036883 0.073* 
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H1AB -0.249629 0.445205 0.066882 0.073* 
H1AC -0.210011 0.340625 0.066476 0.073* 
 
Atomic displacement parameters (Å2) for (twin4_transformed) 
 U11 U22 U33 U12 U13 U23 
O2B 0.0292 
(10) 
0.0214 
(10) 
0.0337 
(13) 
0.0010 (8) 0.0039 (9) -0.0022 
(9) 
O2A 0.0294 
(10) 
0.0213 
(10) 
0.0367 
(13) 
-0.0004 
(8) 
0.0098 (9) -0.0023 
(9) 
O1B 0.0294 
(11) 
0.0377 
(13) 
0.0508 
(16) 
-0.0019 
(9) 
0.0077 
(11) 
-0.0041 
(11) 
O3B 0.0419 
(12) 
0.0380 
(13) 
0.0295 
(14) 
-0.0029 
(10) 
0.0048 
(11) 
-0.0048 
(10) 
O1A 0.0289 
(11) 
0.0428 
(14) 
0.0527 
(16) 
-0.0010 
(9) 
0.0063 
(11) 
-0.0069 
(12) 
O3A 0.0359 
(12) 
0.0481 
(13) 
0.0324 
(15) 
0.0054 
(10) 
0.0082 
(11) 
-0.0096 
(10) 
N2A 0.0328 
(13) 
0.0353 
(15) 
0.0360 
(17) 
0.0037 
(11) 
0.0056 
(13) 
0.0058 
(13) 
N2B 0.0383 
(14) 
0.0334 
(16) 
0.0426 
(18) 
0.0015 
(11) 
0.0149 
(14) 
0.0061 
(13) 
C13B 0.0341 
(15) 
0.0226 
(15) 
0.0295 
(17) 
-0.0012 
(12) 
0.0087 
(13) 
-0.0016 
(13) 
C26A 0.0303 
(14) 
0.0189 
(14) 
0.0306 
(17) 
0.0001 
(11) 
0.0058 
(13) 
0.0022 
(13) 
N1A 0.0515 
(17) 
0.053 (2) 0.0370 
(19) 
-0.0014 
(14) 
0.0079 
(15) 
0.0101 
(16) 
N1B 0.0497 
(17) 
0.0460 
(18) 
0.0378 
(18) 
-0.0028 
(14) 
0.0150 
(14) 
0.0089 
(14) 
C8A 0.0314 
(15) 
0.0242 
(15) 
0.0287 
(18) 
0.0005 
(11) 
0.0100 
(14) 
-0.0005 
(14) 
C5B 0.0333 
(15) 
0.0215 
(15) 
0.0295 
(17) 
0.0012 
(11) 
0.0061 
(13) 
0.0043 
(13) 
C31B 0.0341 
(15) 
0.0268 
(16) 
0.0292 
(17) 
-0.0004 
(12) 
0.0100 
(13) 
0.0017 
(14) 
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C23A 0.0309 
(15) 
0.0217 
(15) 
0.0275 
(17) 
-0.0002 
(11) 
0.0057 
(13) 
-0.0034 
(13) 
C26B 0.0310 
(15) 
0.0168 
(14) 
0.0323 
(18) 
0.0022 
(11) 
0.0073 
(13) 
0.0018 
(13) 
C3B 0.0357 
(16) 
0.0229 
(16) 
0.0341 
(18) 
-0.0033 
(12) 
0.0048 
(14) 
0.0010 
(13) 
C22A 0.0271 
(14) 
0.0265 
(16) 
0.0344 
(19) 
-0.0004 
(12) 
0.0078 
(14) 
0.0003 
(14) 
C20B 0.0336 
(15) 
0.0209 
(14) 
0.0328 
(19) 
0.0013 
(12) 
0.0091 
(14) 
-0.0029 
(13) 
C21A 0.0300 
(15) 
0.0227 
(15) 
0.0289 
(17) 
-0.0003 
(11) 
0.0065 
(13) 
0.0001 
(13) 
C9A 0.0289 
(14) 
0.0215 
(15) 
0.0275 
(17) 
-0.0004 
(11) 
0.0053 
(12) 
-0.0010 
(12) 
C4A 0.0332 
(16) 
0.0260 
(16) 
0.0293 
(17) 
-0.0016 
(12) 
0.0072 
(13) 
-0.0006 
(13) 
C9B 0.0305 
(15) 
0.0227 
(15) 
0.0280 
(17) 
0.0010 
(11) 
0.0055 
(13) 
-0.0029 
(13) 
C10A 0.0269 
(14) 
0.0218 
(15) 
0.0343 
(18) 
0.0004 
(11) 
0.0019 
(13) 
0.0004 
(13) 
C30B 0.0283 
(15) 
0.0292 
(17) 
0.035 (2) -0.0022 
(12) 
0.0063 
(14) 
-0.0004 
(14) 
C12B 0.0324 
(15) 
0.0214 
(15) 
0.0286 
(18) 
0.0016 
(11) 
0.0076 
(13) 
-0.0024 
(13) 
C21B 0.0327 
(15) 
0.0209 
(15) 
0.0322 
(18) 
0.0015 
(11) 
0.0098 
(13) 
-0.0001 
(13) 
C2B 0.0300 
(15) 
0.0254 
(16) 
0.0390 
(19) 
-0.0017 
(12) 
0.0064 
(14) 
0.0040 
(14) 
C15B 0.0354 
(16) 
0.0221 
(15) 
0.0316 
(18) 
0.0015 
(12) 
0.0076 
(14) 
-0.0013 
(13) 
C11B 0.0325 
(15) 
0.0229 
(16) 
0.036 (2) -0.0008 
(12) 
0.0131 
(14) 
0.0008 
(13) 
C23B 0.0328 
(15) 
0.0197 
(15) 
0.0313 
(18) 
0.0019 
(11) 
0.0097 
(13) 
-0.0025 
(13) 
C8B 0.0316 
(15) 
0.0229 
(16) 
0.0286 
(18) 
-0.0003 
(11) 
0.0059 
(13) 
0.0012 
(13) 
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C15A 0.0369 
(16) 
0.0228 
(15) 
0.0334 
(19) 
-0.0029 
(12) 
0.0113 
(14) 
-0.0032 
(14) 
C5A 0.0287 
(15) 
0.0207 
(15) 
0.0328 
(18) 
-0.0002 
(11) 
0.0070 
(13) 
0.0023 
(13) 
C25A 0.0279 
(14) 
0.0216 
(15) 
0.0292 
(17) 
0.0002 
(11) 
0.0044 
(12) 
0.0023 
(13) 
C24A 0.0277 
(14) 
0.0223 
(15) 
0.0255 
(16) 
-0.0003 
(11) 
0.0049 
(12) 
-0.0004 
(12) 
C13A 0.0377 
(16) 
0.0242 
(15) 
0.0288 
(18) 
-0.0006 
(12) 
0.0079 
(14) 
0.0003 
(14) 
C30A 0.0293 
(15) 
0.0358 
(17) 
0.0347 
(19) 
0.0047 
(13) 
0.0041 
(14) 
-0.0042 
(15) 
C29A 0.0327 
(15) 
0.0274 
(16) 
0.0334 
(19) 
0.0018 
(12) 
0.0103 
(14) 
-0.0013 
(14) 
C31A 0.0310 
(15) 
0.0322 
(17) 
0.0297 
(18) 
0.0021 
(12) 
0.0035 
(13) 
-0.0015 
(14) 
C7B 0.0351 
(16) 
0.0274 
(16) 
0.0360 
(19) 
0.0011 
(12) 
0.0107 
(14) 
-0.0013 
(14) 
C24B 0.0284 
(14) 
0.0220 
(15) 
0.0286 
(17) 
0.0001 
(11) 
0.0091 
(13) 
-0.0007 
(13) 
C12A 0.0344 
(15) 
0.0214 
(14) 
0.0273 
(18) 
-0.0018 
(12) 
0.0056 
(14) 
-0.0022 
(12) 
C6B 0.0333 
(15) 
0.0259 
(15) 
0.0289 
(18) 
-0.0013 
(12) 
0.0043 
(13) 
-0.0009 
(13) 
C25B 0.0294 
(14) 
0.0212 
(15) 
0.0290 
(17) 
0.0010 
(11) 
0.0084 
(13) 
0.0037 
(13) 
C29B 0.0350 
(16) 
0.0250 
(16) 
0.0299 
(18) 
0.0015 
(12) 
0.0052 
(14) 
-0.0002 
(14) 
C22B 0.0296 
(15) 
0.0250 
(16) 
0.0365 
(19) 
0.0033 
(12) 
0.0062 
(14) 
0.0000 
(14) 
C20A 0.0334 
(16) 
0.0235 
(15) 
0.0319 
(19) 
-0.0012 
(12) 
0.0087 
(14) 
-0.0022 
(12) 
C4B 0.0370 
(16) 
0.0216 
(15) 
0.0313 
(18) 
0.0012 
(12) 
0.0081 
(14) 
0.0012 
(13) 
C27B 0.0316 
(15) 
0.0285 
(16) 
0.0362 
(19) 
-0.0042 
(12) 
0.0111 
(14) 
-0.0011 
(14) 
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C28B 0.0411 
(17) 
0.0335 
(18) 
0.0310 
(19) 
-0.0017 
(13) 
0.0129 
(14) 
-0.0004 
(15) 
C11A 0.0333 
(16) 
0.0265 
(15) 
0.0278 
(18) 
0.0004 
(12) 
0.0003 
(14) 
0.0015 
(13) 
C3A 0.0325 
(16) 
0.0274 
(16) 
0.041 (2) -0.0003 
(12) 
0.0137 
(14) 
-0.0006 
(15) 
C6A 0.0328 
(15) 
0.0264 
(16) 
0.0325 
(18) 
0.0013 
(12) 
0.0093 
(14) 
-0.0003 
(14) 
C2A 0.0285 
(15) 
0.0268 
(16) 
0.044 (2) -0.0005 
(12) 
0.0058 
(14) 
0.0015 
(15) 
C10B 0.0280 
(14) 
0.0207 
(15) 
0.0387 
(19) 
-0.0003 
(11) 
0.0077 
(13) 
-0.0006 
(13) 
C19A 0.0328 
(16) 
0.0304 
(16) 
0.041 (2) -0.0024 
(13) 
0.0103 
(15) 
-0.0001 
(14) 
C7A 0.0355 
(16) 
0.0270 
(17) 
0.036 (2) -0.0010 
(12) 
0.0054 
(14) 
-0.0024 
(14) 
C32A 0.0383 
(17) 
0.0374 
(19) 
0.032 (2) 0.0038 
(14) 
0.0054 
(15) 
-0.0051 
(16) 
C14A 0.0394 
(17) 
0.0354 
(18) 
0.0297 
(19) 
-0.0031 
(14) 
0.0089 
(15) 
0.0033 
(15) 
C32B 0.055 (2) 0.0322 
(19) 
0.030 (2) -0.0030 
(14) 
0.0116 
(16) 
0.0001 
(15) 
C27A 0.0277 
(15) 
0.0339 
(17) 
0.0337 
(19) 
0.0040 
(12) 
0.0040 
(13) 
-0.0002 
(14) 
C16B 0.0401 
(17) 
0.0289 
(17) 
0.0336 
(19) 
0.0023 
(13) 
0.0073 
(15) 
0.0052 
(14) 
C19B 0.0335 
(16) 
0.0291 
(17) 
0.038 (2) 0.0014 
(12) 
0.0088 
(15) 
0.0015 
(14) 
C28A 0.0331 
(16) 
0.0390 
(19) 
0.0301 
(18) 
0.0028 
(13) 
0.0014 
(14) 
-0.0045 
(15) 
C14B 0.0372 
(16) 
0.0285 
(16) 
0.0319 
(18) 
0.0011 
(13) 
0.0081 
(14) 
0.0014 
(14) 
C16A 0.0442 
(18) 
0.0293 
(17) 
0.037 (2) -0.0009 
(13) 
0.0148 
(15) 
0.0042 
(15) 
C18B 0.0334 
(16) 
0.0375 
(19) 
0.042 (2) 0.0050 
(13) 
0.0040 
(15) 
0.0020 
(16) 
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C17B 0.0408 
(18) 
0.0351 
(18) 
0.040 (2) 0.0077 
(14) 
0.0034 
(15) 
0.0080 
(16) 
C17A 0.0425 
(18) 
0.0331 
(18) 
0.048 (2) -0.0027 
(14) 
0.0218 
(16) 
0.0052 
(16) 
C18A 0.0332 
(16) 
0.0343 
(18) 
0.050 (2) -0.0049 
(13) 
0.0143 
(16) 
-0.0016 
(16) 
C1B 0.0365 
(18) 
0.050 (2) 0.064 (3) 0.0020 
(15) 
0.0185 
(18) 
-0.001 (2) 
C1A 0.0344 
(17) 
0.047 (2) 0.058 (3) -0.0011 
(15) 
-0.0044 
(17) 
-0.0069 
(19) 
 
Geometric parameters (Å, º) for (twin4_transformed) 
O2B—C8B 1.428 (4) C9A—C24A 1.548 (4) 
O2B—C25B 1.427 (3) C4A—C5A 1.395 (4) 
O2A—C8A 1.432 (4) C4A—C3A 1.383 (4) 
O2A—C25A 1.424 (3) C9B—C8B 1.543 (4) 
O1B—C2B 1.370 (4) C9B—C24B 1.551 (4) 
O1B—C1B 1.433 (4) C9B—C10B 1.488 (4) 
O3B—C29B 1.369 (4) C10A—C11A 1.330 (5) 
O3B—C32B 1.431 (4) C30B—C29B 1.391 (5) 
O1A—C2A 1.374 (4) C12B—C11B 1.461 (4) 
O1A—C1A 1.426 (5) C12B—C23B 1.428 (4) 
O3A—C29A 1.371 (4) C21B—C23B 1.384 (4) 
O3A—C32A 1.425 (4) C21B—C22B 1.450 (4) 
N2A—C22A 1.159 (4) C2B—C7B 1.384 (5) 
N2B—C22B 1.147 (4) C15B—C16B 1.411 (5) 
C13B—C12B 1.387 (5) C11B—C10B 1.333 (5) 
C13B—C15B 1.433 (4) C23B—C24B 1.506 (4) 
C13B—C14B 1.441 (4) C15A—C13A 1.428 (4) 
C26A—C25A 1.507 (4) C15A—C20A 1.415 (5) 
C26A—C31A 1.396 (4) C15A—C16A 1.409 (4) 
C26A—C27A 1.380 (5) C5A—C6A 1.387 (5) 
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N1A—C14A 1.153 (4) C25A—C24A 1.594 (4) 
N1B—C14B 1.149 (4) C13A—C12A 1.390 (4) 
C8A—C9A 1.546 (4) C13A—C14A 1.439 (5) 
C8A—C5A 1.501 (4) C30A—C29A 1.388 (5) 
C5B—C8B 1.504 (4) C30A—C31A 1.381 (4) 
C5B—C6B 1.387 (4) C29A—C28A 1.392 (4) 
C5B—C4B 1.395 (5) C7B—C6B 1.396 (4) 
C31B—C26B 1.391 (4) C24B—C25B 1.587 (4) 
C31B—C30B 1.380 (5) C12A—C11A 1.461 (4) 
C23A—C21A 1.381 (4) C29B—C28B 1.388 (4) 
C23A—C24A 1.501 (4) C20A—C19A 1.416 (4) 
C23A—C12A 1.422 (5) C27B—C28B 1.388 (5) 
C26B—C25B 1.501 (4) C3A—C2A 1.388 (5) 
C26B—C27B 1.393 (4) C6A—C7A 1.401 (4) 
C3B—C2B 1.396 (5) C2A—C7A 1.391 (5) 
C3B—C4B 1.381 (4) C19A—C18A 1.372 (5) 
C22A—C21A 1.435 (5) C27A—C28A 1.379 (5) 
C20B—C21B 1.424 (5) C16B—C17B 1.364 (5) 
C20B—C15B 1.414 (4) C19B—C18B 1.367 (5) 
C20B—C19B 1.418 (4) C16A—C17A 1.371 (5) 
C21A—C20A 1.437 (4) C18B—C17B 1.401 (5) 
C9A—C10A 1.488 (4) C17A—C18A 1.398 (5) 
    
C25B—O2B—
C8B 
105.7 (2) C20A—C15A—
C13A 
118.0 (3) 
C25A—O2A—
C8A 
107.0 (2) C16A—C15A—
C13A 
122.5 (3) 
C2B—O1B—C1B 117.1 (3) C16A—C15A—
C20A 
119.4 (3) 
C29B—O3B—
C32B 
116.5 (2) C4A—C5A—C8A 118.9 (3) 
C2A—O1A—C1A 117.3 (3) C6A—C5A—C8A 122.6 (3) 
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C29A—O3A—
C32A 
116.2 (2) C6A—C5A—C4A 118.4 (3) 
C12B—C13B—
C15B 
122.6 (3) O2A—C25A—
C26A 
109.2 (2) 
C12B—C13B—
C14B 
120.1 (3) O2A—C25A—
C24A 
105.7 (2) 
C15B—C13B—
C14B 
117.3 (3) C26A—C25A—
C24A 
117.2 (2) 
C31A—C26A—
C25A 
120.4 (3) C23A—C24A—
C9A 
115.4 (2) 
C27A—C26A—
C25A 
121.5 (3) C23A—C24A—
C25A 
113.3 (2) 
C27A—C26A—
C31A 
118.1 (3) C9A—C24A—
C25A 
103.1 (2) 
O2A—C8A—C9A 103.2 (2) C15A—C13A—
C14A 
118.2 (3) 
O2A—C8A—C5A 110.6 (2) C12A—C13A—
C15A 
122.6 (3) 
C5A—C8A—C9A 116.8 (2) C12A—C13A—
C14A 
119.2 (3) 
C6B—C5B—C8B 122.1 (3) C31A—C30A—
C29A 
119.9 (3) 
C6B—C5B—C4B 118.5 (3) O3A—C29A—
C30A 
116.7 (3) 
C4B—C5B—C8B 119.4 (3) O3A—C29A—
C28A 
124.1 (3) 
C30B—C31B—
C26B 
121.4 (3) C30A—C29A—
C28A 
119.2 (3) 
C21A—C23A—
C24A 
120.4 (3) C30A—C31A—
C26A 
121.2 (3) 
C21A—C23A—
C12A 
119.0 (3) C2B—C7B—C6B 119.4 (3) 
C12A—C23A—
C24A 
120.6 (3) C9B—C24B—
C25B 
103.5 (2) 
C31B—C26B—
C25B 
120.3 (3) C23B—C24B—
C9B 
115.5 (2) 
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C31B—C26B—
C27B 
117.9 (3) C23B—C24B—
C25B 
114.1 (2) 
C27B—C26B—
C25B 
121.9 (3) C23A—C12A—
C11A 
118.8 (3) 
C4B—C3B—C2B 119.6 (3) C13A—C12A—
C23A 
119.3 (3) 
N2A—C22A—
C21A 
179.3 (3) C13A—C12A—
C11A 
121.8 (3) 
C15B—C20B—
C21B 
118.8 (3) C5B—C6B—C7B 121.1 (3) 
C15B—C20B—
C19B 
118.3 (3) O2B—C25B—
C26B 
110.0 (2) 
C19B—C20B—
C21B 
122.8 (3) O2B—C25B—
C24B 
105.3 (2) 
C23A—C21A—
C22A 
119.0 (3) C26B—C25B—
C24B 
117.4 (2) 
C23A—C21A—
C20A 
122.5 (3) O3B—C29B—
C30B 
116.2 (3) 
C22A—C21A—
C20A 
118.5 (3) O3B—C29B—
C28B 
124.6 (3) 
C8A—C9A—
C24A 
101.5 (2) C28B—C29B—
C30B 
119.3 (3) 
C10A—C9A—
C8A 
112.2 (2) N2B—C22B—
C21B 
179.8 (4) 
C10A—C9A—
C24A 
113.1 (2) C15A—C20A—
C21A 
118.6 (3) 
C3A—C4A—C5A 120.7 (3) C15A—C20A—
C19A 
119.6 (3) 
C8B—C9B—
C24B 
101.2 (2) C19A—C20A—
C21A 
121.9 (3) 
C10B—C9B—
C8B 
111.7 (2) C3B—C4B—C5B 121.1 (3) 
C10B—C9B—
C24B 
113.5 (3) C28B—C27B—
C26B 
121.3 (3) 
C11A—C10A—
C9A 
125.3 (3) C29B—C28B—
C27B 
120.0 (3) 
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C31B—C30B—
C29B 
120.2 (3) C10A—C11A—
C12A 
121.3 (3) 
C13B—C12B—
C11B 
121.6 (3) C4A—C3A—C2A 120.4 (3) 
C13B—C12B—
C23B 
119.5 (3) C5A—C6A—C7A 121.6 (3) 
C23B—C12B—
C11B 
118.8 (3) O1A—C2A—C3A 115.5 (3) 
C20B—C21B—
C22B 
118.4 (3) O1A—C2A—C7A 124.4 (3) 
C23B—C21B—
C20B 
123.1 (3) C3A—C2A—C7A 120.1 (3) 
C23B—C21B—
C22B 
118.5 (3) C11B—C10B—
C9B 
125.1 (3) 
O1B—C2B—C3B 114.8 (3) C18A—C19A—
C20A 
119.4 (3) 
O1B—C2B—C7B 125.0 (3) C2A—C7A—C6A 118.8 (3) 
C7B—C2B—C3B 120.2 (3) N1A—C14A—
C13A 
179.2 (3) 
C20B—C15B—
C13B 
117.7 (3) C28A—C27A—
C26A 
121.3 (3) 
C16B—C15B—
C13B 
122.6 (3) C17B—C16B—
C15B 
120.5 (3) 
C16B—C15B—
C20B 
119.7 (3) C18B—C19B—
C20B 
120.5 (3) 
C10B—C11B—
C12B 
121.5 (3) C27A—C28A—
C29A 
120.2 (3) 
C12B—C23B—
C24B 
120.8 (3) N1B—C14B—
C13B 
178.0 (4) 
C21B—C23B—
C12B 
118.3 (3) C17A—C16A—
C15A 
119.8 (3) 
C21B—C23B—
C24B 
120.9 (3) C19B—C18B—
C17B 
120.9 (3) 
O2B—C8B—C5B 110.9 (2) C16B—C17B—
C18B 
120.1 (3) 
O2B—C8B—C9B 103.7 (2) C16A—C17A— 120.9 (3) 
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C18A 
C5B—C8B—C9B 116.4 (2) C19A—C18A—
C17A 
120.9 (3) 
 
Document origin: publCIF [Westrip, S. P. (2010). J. Apply. Cryst., 43, 920-925]. 
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CHAPTER 3 
Single Flask Synthesis of Epoxides from Alcohols and Aldehydes 
3.1 Introduction 
Throughout the evolution of investigating the scope of carbonyl ylide formation, 
limitations were encountered concerning access to the requisite epoxide. This led to efforts 
in devising a simple method to access these in an expedient manner from commercially 
accessible starting materials.  
These efforts culminated in the development of a one-pot, single flask protocol that 
was able to deliver epoxides from readily accessible alcohols and aldehydes in a sole 
chemical operation. The reaction proceeds through in situ generation of sulfonium salts 
from alcohols and their subsequent deprotonation to form sulfonium ylides. These can 
engage aldehydes in Johnson-Corey-Chaykovsky reaction. The generality of the method is 
exemplified by the synthesis of >40 epoxides that were made from an inclusive range of 
electronically and sterically varied alcohols and aldehydes.1 
3.2 Background and Proposed Strategy 
Epoxides have historically served as strategic functional groups in target oriented 
synthesis.2–5 Of common use is their stereospecific ring opening, which provides access to 
stereochemically defined products and new tactical functional groups.6–8 Other uses include 
their Meinwald rearrangement into carbonyls and application to cationic or radical initiated 
cascade, domino reactions.9-19 
Our interest in carbonyl ylide formation led us to pursue the development of a new 
technology that would give access to epoxides with more delicate functionality. Previously, 
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we had relied several methodologies to access electronically and sterically varied epoxides. 
In particular, a Wittig olefination and electrophilic epoxidation sequence (Scheme 1a), 
starting from 3.1, served as workhorse approach at early stages of our studies. Although 
various chemical operations were required to access epoxides (4 steps), these were obtained 
in good yields and with some flexibility in functional group tolerance.  
  
Scheme 3. 1 — Synthetic sequence to generate epoxides from benzyl alcohols.  
 
Retrosynthetic analysis of natural products of interest identified highly oxygenated, 
electron-rich epoxides as proper precursors for their synthesis. Unfortunately, the 
aforementioned sequence was found to be unworkable for the production of these epoxides, 
instead affording quantitative conversion to undesired byproducts. For example, mCPBA 
epoxidation of highly oxygenated 3.3 resulted in Meinwald rearrangement to aldehydes 
3.4. This reactivity can be traced back to the stoichiometric carboxylic acid byproduct of 
mCPBA, which initiates rearrangement of the desired epoxide to 3.4. This is not an 
unexpected finding and dated precedence exists that shows that this reactivity can be 
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suppressed by using buffered conditions.20 Regrettably, the use of mCPBA in 1:1 CH2Cl2 
to saturated NaHCO3 also proved futile, exclusively affording mCPBA-epoxide adduct 3.5. 
The overall step-count and our inability to access electron-rich epoxides led us to explore 
alternative approaches.  
Survey of the chemical literature identified the Johnson-Corey-Chaykovsky (JCC) 
reaction as a promising candidate.21,22 This reaction involves the generation of sulfonium 
ylides from sulfonium salts under basic conditions and their sequential 1, 2 addition to 
carbonyl compounds; successively, intramolecular displacement of the sulfonium group 
by the nascent alkoxide results in epoxide formation. For our purposes, the use of basic 
conditions should bypass the reactivity issues encountered when working with the evolving 
acidity of mCPBA. 
The JCC reaction has seen major advancement since its original disclosure, in 
particular in the area of asymmetric synthesis.23–25A notable development, pertinent to our 
interest, is the expansion of its reaction scope by using organic bases such as 1,5,7- 
triazabicyclo [4.4.0] dec-1-ene (TBD) (Scheme 3.2, Eq. 1), which in turn is able to tolerate 
the inclusion of sensitive functional groups, such as esters.26,27 Despite this point, most 
known approaches still require several operations due to the multi-step sequence required 
for synthesis of sulfonium salts. Typically, the salt is synthesized from nucleophilic 
displacement of benzyl halides with thioethers, which are derived from benzyl alcohols. A 
more concise approach towards the salt was identified by Aggarwal and coworkers.28 They 
found that benzyl alcohols undergo sulfonium salt formation in the presence of 
tetrafluoroboric acid and a chiral thioether (Scheme 3.2, Eq. 2). Isolation of the salt was 
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required for use in epoxidation of carbonyls. Inspired by these examples, we hypothesized 
that an efficient protocol for synthesis of epoxides could be devised if generation of 
sulfonium salts and deprotonation for sequential JCC reaction could be carried out in a 
single flask. 
 
Scheme 3.2 — Select examples that inspired the development of a one-pot protocol for epoxide synthesis.  
3.3 Results and Discussion 
To this end, after evaluating and identifying optimum conditions within each 
relevant parameter — solvent, base, thioether, temperature, and order of addition — the 
reaction sequence highlighted in Scheme 3.3a was found to afford epoxide 3.15 in high 
yield and excellent selectivity (91%, d.r. >20:1), from alcohol 3.13 and aldehyde 3.16. In 
practice, the reaction is performed by stirring alcohol (1.1 equiv.) and tetrahydrothiophene 
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(THT) (1.2 equiv.) in 1 M MeCN and then adding HBF4-Et2O (1.2 equiv.) dropwise. If 
performed in greater than 10 mmol scale cooling is required to control the exotherm caused 
by the addition of the acid. After a stir period of 0.5-12 h required to ensure full conversion 
of the alcohol into sulfonium salt 3.14, the reaction is diluted to 0.1 M with MeCN, cooled 
to 0 °C (water/ice bath), and deprotonated with NaH (4 equiv.). After a 5 minute stirring 
period, allowed for deprotonation, the aldehyde is added and the reaction is left to warm to 
room temperature. In almost all cases investigated full conversion was attained within a 
12-24 h period.  
 
Scheme 3.3 — Optimized conditions for one-pot synthesis of epoxides.  
Among the solvents tested (Scheme 3.3b) MeCN proved to be critical, presumably 
due to greater solubility of sulfonium salts. A variety of thioethers were found to be useful 
in this transformation but THT was advanced due to its higher boiling point, which gave 
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reproducible results regardless if the reaction was open or close to the atmosphere. Finally, 
a variety of bases were explored and two options were found to be viable in this 
transformation. Aqueous KOH was found to give near quantitative conversion in most 
cases but NaH provided full conversion in all cases assayed. However, the use of aqueous 
KOH is significantly more convenient than NaH. Thus, revisiting KOH as a base in future 
work is advised. Bases that proved ineffective include LiHMDS, DABCO, and DMP. 
Interestingly, some reactivity was observed with organic bases such as TBD and DBU, but 
lower conversions and side reactions couldn’t be lessened. 
With an established method for the synthesis of epoxides, we then turned our 
attention to evaluating the scope of the reaction using four electronically varied benzyl 
alcohols (3.16, 3.26, 3.35, and 3.38, Table 3.1) on a preparative scale (3-10 mmol). A range 
of aryl aldehydes worked well with benzyl alcohol (3.16) including para-nitro (3.18), 
ortho-methyl (3.19), and para-methoxy groups (3.20). Other notable examples include, 
heterocycles such as thiophenes and furans (3.22-23). Additionally, an aliphatic aldehyde 
performed well providing synthetically useful quantities of the desired epoxide 3.24. Yields 
and selectivity for each example is described in Table 3.1.  
Electron-rich benzyl alcohol 3.26 worked well with a similar range of aldehydes. 
Notably, pyridines (3.29), nitriles (3.27), alkenyl (3.33) and aliphatic (3.34) groups were 
well tolerated affording the desired product in good to excellent yield, albeit, with lower 
diastereoselectivity. Lastly, electron deficient alcohols such as p-Cl 3.35 and p-F 3.38 also  
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Table 3.1.— Substrate scope of one-pot synthesis of epoxides from benzyl alcohols and aldehydes. 
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were able to participate in the reaction, affording electron-deficient epoxides in good yields 
and high selectivity (3.36-37 and 3.39). Functional groups that were not compatible with 
this method include phenols, esters, and ketones (3.40-3.42). Although reports exist that 
use organic bases (P4-tBu and guanidine-type bases) to accommodate these functionalities, 
no further efforts to include these substrates was exerted. From the thoughts provided in 
Chapter 5 it is clear that such functionalities will be of interest in future endeavors. As a 
result, the use of organic bases is a worthy starting point to begin to develop methodology 
that’s inclusive of these functional groups.  
With respect to the reactivity of the benzyl alcohols, electron-rich alcohol 3.26 
showed higher reaction rates and yields, seemingly due to faster and more efficient 
formation of the sulfonium salt through a para-quinonemethide (p-QM) intermediate. 
Moreover, the lower diastereomeric ratios (d.r.) observed for alcohol 3.26 can be 
rationalized through the model put forth by Aggarwal.25 Briefly, electron-rich sulfonium 
ylides are less stable than those that are neutral or electron-deficient. This can be described 
through unfavorable delocalization of the anion into the already electron-rich π-system of 
the p-OMe aryl group (3.26). Accordingly, generation of the sulfonium ylide and addition 
to carbonyls in this case is highly irreversible (k1 and k2 >> k-1 and k-2), due to the instability 
of the ylide, leading to lower selectivity (Scheme 3.4). For example, epoxides 3.31 and 
3.32. In the other hand, electron neutral and deficient sulfonium ylides can stabilize the 
nascent anion favorably through delocalization. This leads to a dynamic equilibrium (k1 
and k2 = k-1 and k-2) where 1,2 addition is reversible and eventually favors the 
thermodynamically more stable trans epoxide in high diastereoselectivity. For example, 
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epoxides 3.36 and 3.39. Other distinctions that affect this equilibrium are temperature, 
charge solvation, and steric factors. If interested in these nuances we recommend the 
primary literature for further insights.  
 
Scheme 3.4 — Stereodetermining model for Johnson-Corey-Chaykovsky Reaction.  
Highly oxygenated, electron-rich diaryl epoxides have been previously used for the 
synthesis of numerous bioactive molecules.29–32 Our own interest in these substrates led us 
to evaluate whether the developed methodology could be applied to their synthesis. In this 
regard, using highly oxygenated benzyl alcohols 3.43-3.46, the reaction was found to work 
with a large panel of electronically and sterically varied aldehydes (Table 3.2). Notable 
functionalities include heteroaromatics (3.52), alkenes (3.54), halides (3.51 and 3.55), and 
a benzyl protected phenol (3.56). Outside these examples, Table 2 is dedicated to 
demonstrate the range of electron-rich epoxides that can be accessed by coupling both 
electron-rich alcohols and aldehydes. Markedly, electron donating groups are permitted in 
all positions within the aryl groups and these can be obtained in high yields with modest to 
good selectivity. This is best exemplified by substrates 3.50, 3.58, and 3.61-63.  
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Table 3.2 — Scope of the reaction with electron-rich alcohols and aldehydes. a reaction performed in 50 
mmol scale. b selectivity was determined after purification. 
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The scalability of this reaction was demonstrated in the 0.05 mol synthesis of 
epoxide 3.48, which yielded 13.41 g or 90% in d.r. 6:1. From a practical viewpoint the 
handling of electron-rich epoxides requires some care. Flash chromatography in silica gel 
often resulted in decomposition of the epoxides. These issues were ultimately skirted by 
buffering the silica gel with trimethylamine (TEA). Furthermore, if the epoxides were 
solids these were stored at room temperature but if liquids or semisolids, refrigeration is 
recommended.  
 
Scheme 3.5 — Efforts devoted to the synthesis of allylic epoxides.  
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Final efforts to further expand the capabilities of the developed reaction were 
devoted towards the generation of allylic epoxides. These became of interest to us during 
the final months prior to the completion of this document for reasons that will be further 
elaborated in Chapter 5. Unfortunately, submission of cinnamyl alcohol 3.64 to the one-
pot protocol and attempted JCC reaction with an aliphatic aldehyde did not afford useful 
amounts of desired epoxide 3.65 (Scheme 3.5, Eq. 1). Empirical observations led us to 
posit that NaH was not an adequate base for this transformation. Screening identified KOH 
as a suitable base and in a two-step sequence, we were able to access 3.65 in 66% yield 
with no selectivity d.r. 1:1 (Eq. 2). After more experimentation we identified a protocol 
that could deliver these types of epoxides in a one-pot fashion (Eq. 3), and were able to 
gain access to a bis-allylic epoxide 3.66 in modest yield and selectivity (49%, d.r. 1:1). 
Although the outlined sequence is far from optimized, our hope is that this will provide 
initial grounds for extension of the scope of epoxide accessible in a one-pot fashion.  
3.4 Concluding Remarks  
We have developed a general and simple method to access epoxides through the 
JCC reaction between alcohols and aldehydes — Mr. Jesse W.L. Mendoza, a superb 
undergraduate student, contributed to the completion of this work. This method provides 
expedient access to epoxides from commercially available materials in a step and time 
economical fashion. Notably, we have demonstrated its applicability to synthesis of 
epoxides that were generally unattainable using standard mCPBA epoxidation. The 
generality of this method is exemplified by the synthesis of a large collection of epoxides 
most of which have never been reported. With respects to our overall goals, access to these 
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will allow for thorough investigation of the reaction scope of carbonyl ylide formation and 
its potential use in target oriented synthesis. 
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3.5 Experimental 
3.5.1 General Information 
1H NMR and 13C NMR spectra were recorded at ambient temperature on a Varian 
Agilent-500 MHz VNMRS (500 and 126 MHz, respectively), and are internally referenced 
to the residual protio solvent signal (CDCl3: δ 7.26 and 77.0 ppm). Data for 1H NMR are 
reported as follows: chemical shift, integration, multiplicity (brs = broad singlet, s = singlet, 
d = doublet, t = triplet, q = quartet, m = multiplet, overlap = overlapping peaks) and 
coupling constants in Hz. Data for 13C NMR are reported in terms of chemical shift and 
overlapping carbons are noted by an underline. High-resolution mass spectra was obtained 
in the Boston University Chemical Instrumentation Center using a Waters Q-TOF APIUS 
mass spectrometer. Commercial reagents were purified prior to use following the 
guidelines of Chai and Armarego.1 All solvents were purified according to the method of 
Grubbs.2 Organic solutions were concentrated under reduced pressure on a Büchi rotary 
evaporaor using a water bath. Chromatographic purification of products was accomplished 
by flash chromatography on Silicycle F60 silica gel or Sorbtech neutral alumina 32-63 μm 
according to the method of Still.3 All reactions were carried out in well ventilated fume 
hoods. Reaction were monitored by thin-layer chromatography (TLC) using Silicycle 250 
μm silica gel plates or Sorbtech neutral alumina 250 μm. Visualization of the developed 
chromatogram was performed by irradiation with a 254 nm Ultra-Violet (UV) light or 
treatment with aqueous potassium permanganate (KMnO4) or ethanolic phosphomolybdic 
acid (PMA) followed by heating. Yields refer to purified compounds unless otherwise 
noted. Diastereoelectivity and regiochemical selectivity for reactions were determined by 
crude 1H NMR prior to purification.  
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3.5.2 Synthetic Procedures  
General Procedure for Single Flask Johnson-Corey-Chaykovsky Reaction: 
 
A flame-dried round bottom flask (for 10 mmol: 250-mL, 50 mmol: 1 L) with a 
magnetic stirring bar was charged with benzyl alcohol (1.1 equiv.), tetrahydrothiophene 
(THT) (1.2 equiv.), and acetonitrile (MeCN) ([1 M] with respects to (w.r.t) the benzyl 
alcohol).To the stirred solution was added tetrafluoroboric acid diethyl ether complex 
(HBF4-OEt2) (1.2 equiv.) dropwise (on a 50 mmol scale the reaction was cooled to 0 
ᵒC 
(water/ice bath) prior to addition of the acid) and the reaction was left to stir until full 
consumption of the alcohol was observed by TLC (1:1 hexanes (Hex)/ethyl acetate 
(EtOAc)) or for a 12 h period. The reaction was then cooled to 0 ᵒC, diluted with MeCN 
([0.1 M] w.r.t. aldehyde), and sodium hydride (NaH) (4 equiv.) was added in small 
portions. After stirring for 5 min the aldehyde (1 equiv.) was added dropwise or in small 
portions (solids). The reaction was left to stir until full consumption of the aldehyde was 
seen by TLC (4:1 Hex/EtOAc) or for a 12 h period. Then, the reaction was cooled to 0 ᵒC 
and water was added dropwise until no further gas evolution was observed. The mixture 
was concentrated in vacuo and the resultant residue was introduced into a separatory funnel 
with the assistance of water and EtOAc. The mixture was extracted thrice with EtOAc and 
the combined organic fractions were dried over MgSO4 and concentrated in vacuo. The 
material was purified by flash chromatography. Diastereoselectivity was determined by 
crude 1H NMR prior to purification unless otherwise noted. No efforts to separate the 
diastereomers of the epoxides were undertaken, as these were used as mixtures for 
sequential reactions.  
 
Synthesis of 3.17 from phenylmethanol and benzaldehyde: 
Scale: 3 mmol 
Flash Chromatography: 10:1 Hex/EtOAc 
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TLC: Rf= 0.3 in 10:1 Hex/EtOAc, Stain: PMA (color:green)   
% yield: 91% (535 mg) 
Physical state: white solid 
d.r. >20:1  
1H NMR (500 MHz, Chloroform-d) δ 7.43 – 7.29 (m, 10H), 3.88 (s, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 137.24, 128.70, 128.46, 125.64, 62.99. 
 
 
Synthesis of 3.18 from phenylmethanol and 4-nitrobenzaldehyde:  
Scale: 3 mmol 
Flash Chromatography: 20:1 Hex/EtOAc  10:1 Hex/EtOAc 
TLC: Rf= 0.6 in 20:1 Hex/EtOAc, Stain: PMA (color: green)   
% yield: 83% (600 mg) 
Physical state: yellow solid 
d.r. >20:1  
1H NMR (500 MHz, Chloroform-d) δ 8.25 (d, J = 8.8 Hz, 2H), 7.52 (d, J = 8.8 Hz, 2H), 
7.46 – 7.31 (m, 5H), 3.98 (d, J = 1.8 Hz, 1H), 3.86 (d, J = 1.8 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 147.99, 144.54, 136.18, 128.96, 128.86, 126.38, 
125.67, 124.03, 63.50, 61.81. 
 
 
Synthesis of 3.19 from phenylmethanol and 2-methylbenzaldehyde:  
Scale: 3 mmol 
Flash Chromatography: 20:1 Hex/EtOAc  10:1 Hex/EtOAc 
TLC: Rf= 0.5 in 20:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 79% (501 mg) 
Physical state: white solid 
d.r. >20:1  
1H NMR (500 MHz, Chloroform-d) δ 7.42 – 7.29 (m, 6H), 7.29 – 7.21 (m, 2H), 7.21 – 
7.15 (m, 1H), 4.00 (s, 1H), 3.77 (s, 1H), 2.36 (s, 3H). 
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13C NMR (126 MHz, Chloroform-d) δ 137.42, 136.03, 135.67, 129.96, 128.73, 128.44, 
127.90, 126.34, 125.61, 124.12, 62.06, 61.04, 19.06. 
 
 
Synthesis of 3.20 from phenylmethanol and 4-methoxybenzaldehyde: 
Scale: 3 mmol 
Flash Chromatography: 10:1 Hex/EtOAc + 3% triethyl amine (TEA)  10:1 
Hex/EtOAc 
TLC: Rf= 0.6 in 4:1 Hex/EtOAc, Stain: PMA (color: green)   
% yield: 74% (502 mg) 
Physical state: white solid 
d.r. >20:1  
1H NMR (500 MHz, Chloroform-d) δ 7.41 – 7.30 (m, 5H), 7.27 (d, J = 8.7 Hz, 2H), 6.92 
(d, J = 8.7 Hz, 2H), 3.86 (d, J = 2.0 Hz, 1H), 3.83 (s, 3H), 3.82 (d, J = 2.0 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 159.89, 137.38, 129.24, 128.67, 128.36, 126.94, 
125.59, 114.16, 62.89, 62.80, 55.48. 
 
 
Synthesis of 3.21 from phenylmethanol and 3-methoxybenzaldehyde:  
Scale: 3 mmol 
Flash Chromatography: 20:1 Hex/Et2O  10:1 Hex/Et2O 
TLC: Rf= 0.2 in 20:1 Hex/Et2O, Stain: PMA (color: green) 
% yield: 85% (577 mg) 
Physical state: clear oil 
d.r. >20:1  
1H NMR (500 MHz, Chloroform-d) δ 7.46 – 7.32 (m, 5H), 7.32 – 7.24 (m, 1H), 6.99 – 
6.93 (m, 1H), 6.93 – 6.86 (m, 2H), 3.86 (s, 2H), 3.83 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 160.08, 138.91, 137.16, 129.76, 128.69, 128.46, 
125.62, 118.10, 114.24, 110.54, 62.88, 55.40, 55.39. 
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Synthesis of 3.22 from phenylmethanol and 2-thiophenecarboxaldehyde:  
Scale: 3 mmol 
Flash Chromatography: 10:1 Hex/EtOAc + 3 % TEA  10:1 Hex/EtOAc 
TLC: Rf= 0.5 in 10:1 Hex/EtOAc, Stain: PMA (color: green)   
% yield: 82% (497 mg) 
Physical state: red solid 
d.r. >20:1  
1H NMR (500 MHz, Chloroform-d) δ 7.32-7.40 (m, 5H), 7.31 (d, J = 4.9 Hz, 1H), 7.15 
(d, J =3.6, 1H), 7.00 (dd, J = 4.9, 3.6 Hz, 1H), 4.10 (d, J =1.7 Hz, 1H), 4.05 (d, J =1.7 Hz, 
1H).  
13C NMR (126 MHz, Chloroform-d) δ 141.20, 136.66, 128.73, 128.61, 127.28, 126.11, 
125.62, 125.34, 63.62, 59.68. 
 
 
Synthesis of 3.23 from phenylmethanol and 2-furancarboxaldehyde: 
Scale: 3 mmol 
Flash Chromatography: 20:1 Hex/EtOAc + 3 % TEA  10:1 Hex/EtOAc 
TLC: Rf= 0.3 in 10:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 59% (330 mg) 
Physical state: yellow oil 
d.r. 7:1  
1H NMR (500 MHz, Chloroform-d) 7.25-7.60 (m, 6H), 6.49 (d, J =3.4 Hz, 1H), 6.39 (dd, 
J = 3.4, 2.0 Hz, 1H), 4.35 (d, J = 2.0 Hz, 1H) δ 3.91 (d, J =2.0 Hz, 1H).  
13C NMR (126 MHz, Chloroform-d) δ 149.96, 143.09, 136.58, 128.72, 128.61, 125.72, 
110.93, 110.00, 59.72, 56.42. 
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Synthesis of 3.24 from phenylmethanol and propionaldehyde: 
Scale: 3 mmol 
Flash Chromatography: 20:1 Hex/Et2O+ 3 % TEA  20:1 Hex/Et2O 
TLC: Rf= 0.2 in 20:1 Hex/Et2O, Stain: PMA (color: green)   
% yield: 60% (335 mg) 
Physical state: yellow oil 
d.r. 1:1  
trans: 
1H NMR (500 MHz, Chloroform-d) δ 7.36-7.27 (m, 5H), 3.61 (d, 1H, J = 2.0 Hz), 2.95 
(dt, 1H, J = 2.0, 5.5 Hz), 1.64-1.70 (m, 2H), 1.52-1.58 (m, 2H), 1.00 (t, 3H, J = 7.5 Hz).  
13C NMR (126 MHz, Chloroform-d) δ 138.05, 128.55, 128.09, 125.62, 63.17, 58.73, 
34.49, 19.38, 14.11. 
cis: 
1H NMR (500 MHz, Chloroform-d) δ 7.42 – 7.20 (m, 5H), 4.08 (d, J = 4.2 Hz, 1H), 3.22 
(td, J = 6.0, 4.2 Hz, 1H), 1.49 – 1.32 (m, 2H), 1.28 – 1.20 (m, 2H), 0.85 (t, J = 7.2 Hz, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 135.91, 128.55, 127.53, 126.60, 59.52, 57.51, 
28.81, 19.50, 14.01. 
 
 
Synthesis of 3.25 from phenylmethanol and 1-naphthaldehyde:  
Scale: 3 mmol 
Flash Chromatography: 20:1 Hex/EtOAc 
TLC: Rf= 0.6 in 20:1 Hex/EtOAc, Stain: PMA (color: green)   
% yield: 73% (539 mg) 
Physical state: yellow oil 
d.r. >20:1  
1H NMR (500 MHz, Chloroform-d) δ 8.03 – 7.95 (m, 1H), 7.93 – 7.88 (m, 1H), 7.84 (d, 
J = 8.2 Hz, 1H), 7.66 – 7.58 (m, 1H), 7.55 – 7.48 (m, 3H), 7.48 – 7.37 (m, 5H), 4.51 (d, J 
= 1.9 Hz, 1H), 3.88 (d, J = 1.9 Hz, 1H). 
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13C NMR (126 MHz, Chloroform-d) δ 137.31, 133.41, 133.37, 131.32, 128.85, 128.83, 
128.59, 128.34, 126.55, 126.09, 125.75, 125.73, 123.02, 122.15, 62.15, 61.28. 
 
 
Synthesis of 3.27 from (4-methoxyphenyl) methanol and 4-formylbenzonitrile:  
Scale: 3 mmol 
Flash Chromatography: 20:1 Hex/EtOAc + 3 % TEA  10:1 Hex/EtOAc 
TLC: Rf
trans, cis= 0.2, 0.1 in 10:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 74% (557 mg) 
Physical state: white solid (trans), clear oil (cis) 
d.r. 2:1 
trans: 
1H NMR (500 MHz, Chloroform-d) δ 7.66 (d, J = 8.4 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 
7.26 (d, J = 8.7 Hz, 2H), 6.92 (d, J = 8.7 Hz, 2H), 3.90 (d, J = 1.7 Hz, 1H), 3.83 (s, 3H), 
3.77 (d, J = 1.7 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 160.19, 142.76, 132.51, 128.25, 126.98, 126.21, 
118.78, 114.27, 112.01, 63.34, 61.84, 55.49. 
cis: 
1H NMR (500 MHz, Chloroform-d) δ 7.47 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 8.4 Hz, 2H), 
7.04 (d, J = 8.7 Hz, 2H), 6.72 (d, J = 8.7 Hz, 2H), 4.38 (d, J = 4.2 Hz, 1H), 4.33 (d, J = 4.2 
Hz, 1H), 3.72 (s, 3H).  
13C NMR (126 MHz, Chloroform-d) δ 159.32, 140.29, 131.75, 128.02, 127.65, 125.42, 
118.79, 113.61, 111.44, 59.89, 59.12, 55.25. 
HRMS-ESI (m/z): calculated C16H13NO2 + H
+: 252.1025 found 252.1021. 
 
 
Synthesis of 3.28 from (4-methoxyphenyl) methanol and thiophene-2-carbaldehyde: 
Scale: 3 mmol 
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Flash Chromatography: 20:1 Hex/EtOAc+ 3 % TEA  20:1 Hex/EtOAc 
TLC: Rf= 0.4 in 10:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 90% (625 mg)  
Physical state: green oil 
d.r. 2:1  
trans: 
1H NMR (500 MHz, Chloroform-d) δ 7.29 – 7.25 (overlap, 3H), 7.15 (dd, J = 3.5, 0.5 
Hz, 1H), 7.01 (dd, J = 5.0, 3.5 Hz, 1H), 6.92 (d, J = 5.0, 2H), 4.10 (d, J = 1.9 Hz, 1H), 4.02 
(d, J = 1.9 Hz, 1H), 3.82 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 160.00, 141.38, 128.37, 127.26, 126.96, 126.39, 
125.96, 114.18, 63.53, 59.49, 55.47.  
cis: 
1H NMR (500 MHz, Chloroform-d) δ 7.24 (d, J = 8.5 Hz, 2H), 7.11 (dd, J = 5.0, 1.3 Hz, 
1H), 6.95 – 6.91 (overlap, 1H), 6.86 (dd, J = 5.0, 3.5 Hz, 1H), 6.83 (d, J = 8.5 Hz, 2H), 
4.44 (d, J = 4.0 Hz, 1H), 4.37 (d, J = 4.0 Hz, 1H), 3.78 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 159.49, 137.68, 128.64, 127.44, 126.35, 125.86, 
125.23, 113.54, 60.18, 56.74, 55.31. 
HRMS-ESI (m/z): calculated C13H12O2S+ H
+: 233.0636 found 233.0634.  
 
 
Synthesis of 3.29 from (4-methoxyphenyl)methanol and nicotinaldehyde: 
Scale: 3 mmol 
Flash Chromatography: 4:1 Hex/EtOAc+ 3 % TEA  1:1 Hex/EtOAc 
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 86% (587 mg) 
Physical state: brown oil 
d.r. 2:1 
trans:  
1H NMR (500 MHz, Chloroform-d) δ 8.62 (d, J = 2.0 Hz, 1H), 8.57 (dd, J = 4.8, 1.6 Hz, 
1H), 7.61 (dt, J = 7.8, 2.0 Hz, 1H), 7.30 (dd, J = 7.8, 4.8 Hz, 1H), 7.27 (d, J = 8.7 Hz, 2H), 
6.92 (d, J = 8.7 Hz, 2H), 3.89 (d, J = 1.8 Hz, 1H), 3.83 (d, J = 1.8 Hz, 1H), 3.82 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 160.10, 149.72, 147.90, 134.54, 132.77, 128.09, 
126.96, 123.59, 114.24, 62.84, 60.60, 55.48. 
cis:  
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1H NMR (500 MHz, Chloroform-d) δ 8.47 (d, J = 2.1 Hz, 1H), 8.40 (dd, J = 4.8, 1.6 Hz, 
1H), 7.40 (dt, J = 7.9, 2.1 Hz, 1H), 7.11 – 7.08 (overlap, 1H), 7.07 (d, J = 8.8 Hz, 2H), 6.72 
(d, J = 8.7 Hz, 2H), 4.37 (d, J = 4.1 Hz, 1H), 4.31 (d, J = 4.1 Hz, 1H), 3.71 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 159.28, 148.99, 148.75, 133.00, 130.52, 128.47, 
125.63, 122.80, 113.64, 59.52, 57.72, 55.25. 
LRMS-ESI (m/z): calculated C14H13NO2+ H
+: 228.1025 found 228.0972. 
 
 
Synthesis of 3.30 from (4-methoxyphenyl)methanol and furan-3-carbaldehyde: 
Scale: 3 mmol 
Flash Chromatography: 20:1 Hex/EtOAc+ 3 % TEA  10:1 Hex/EtOAc 
TLC: Rf= 0.2 in 20:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 82% (529 mg) 
Physical state: clear oil 
d.r. 2:1 
trans:  
1H NMR (500 MHz, Chloroform-d) δ 7.55 (s, 1H), 7.42 (t, J = 1.7 Hz, 1H), 7.26 (d, J = 
8.7 Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 6.39 (d, J = 1.7 Hz, 1H), 3.92 (d, J = 2.0 Hz, 1H), 
3.82 (s, 3H), 3.80 (d, J = 2.0 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 159.90, 143.72, 141.25, 128.05, 126.93, 123.03, 
114.16, 108.12, 61.16, 56.38, 55.46. 
cis:  
1H NMR (500 MHz, Chloroform-d) δ 7.23 – 7.18 (overlap, 3H), 7.17 (d, J = 0.8 Hz, 1H), 
6.83 (d, J = 8.7 Hz, 2H), 6.03 – 5.99 (m, 1H), 4.29 (d, J = 4.0 Hz, 1H), 4.11 (d, J = 4.0 Hz, 
1H), 3.79 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 159.31, 142.75, 141.56, 128.96, 127.02, 119.82, 
113.56, 109.89, 58.98, 55.32, 53.72. 
LRMS-ESI (m/z): calculated C13H12O3+ H
+: 217.0865 found 217.0994. 
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Synthesis of 3.31 from (4-methoxyphenyl)methanol and 3-methoxybenzaldehyde: 
Scale: 5 mmol 
Flash Chromatography: 20:1 Hex/EtOAc + 3 % TEA  20:1 Hex/EtOAc  10:1 
Hex/EtOAc  
TLC: Rf = 0.4 in 10:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 100% (1.28 g) 
Physical state: clear oil 
d.r. 2:1 
trans: 
1H NMR (500 MHz, Chloroform-d) δ 7.33-7.25 (overlap, 3H), 6.99 – 6.84 (overlap, 5H), 
3.85 (d, J = 1.9 Hz, 1H), 3.82 (s, 5H), 3.81 (d, J = 2.0 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 159.94, 159.78, 138.94, 129.60, 128.10, 126.81, 
117.94, 114.02, 113.30, 110.35, 62.68, 59.73, 55.27, 55.12. 
cis: 
1H NMR (500 MHz, Chloroform-d) δ 7.15 – 7.07 (m, 3H), 6.82 – 6.69 (m, 5H), 4.30 (s, 
2H), 3.73 (s, 3H), 3.69 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 159.11, 158.97, 136.16, 129.03, 128.87, 126.40, 
119.37, 114.03, 113.47, 112.03, 62.59, 59.57, 55.34, 55.10. 
 
 
Synthesis of 3.32 from (4-methoxyphenyl)methanol and 4-methoxybenzaldehyde: 
Scale: 10 mmol 
Flash Chromatography: Basic Dry Loading  20:1 Hex/EtOAc + 3 % TEA  10:1 
Hex/EtOAc 
TLC: Rf = 0.6 in 10:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 100% (2.64 g) 
d.r. 3:1 
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Physical state: white solid   
1H NMR (500 MHz, Chloroform-d) δ 7.27 (d, J = 8.7 Hz, 4H), 6.91 (d, J = 8.6 Hz, 4H), 
3.82 (s, 6H), 3.81 (s, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 159.87, 129.44, 126.91, 114.17, 62.68, 55.49. 
 
Note: Basic dry loading is performed by neutralizing 15 g of silica with 100 mL of DCM 
+ 3 % TEA. The mixture is concentrated in vacuo and then the compound is introduced to 
the neutralized silica as a solution in DCM. The mixture is again concentrated in vacuo and 
dried under high vacuum prior to chromatography.  
 
Synthesis of 3.33 from (4-methoxyphenyl)methanol and 3-methylbut-2-enal:  
Scale: 5 mmol 
Flash Chromatography: 20:1 Hex/Et2O + 3 % TEA  20:1 Hex/Et2O  10:1 
Hex/Et2O  
TLC: Rf = 0.1 in 20:1 Hex/Et2O, Stain: PMA (color: green) 
% yield: 67% (689 mg) 
Physical state: clear oil 
d.r. 2:1 
trans: 
1H NMR (500 MHz, Chloroform-d) δ 7.22 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 
5.00 (dp, J = 8.7, 1.4 Hz, 1H), 3.81 (s, 3H), 3.72 (d, J = 2.1 Hz, 1H), 3.51 (dd, J = 8.7, 2.1 
Hz, 1H), 1.80 (d, J = 1.4 Hz, 3H), 1.79 (d, J = 1.4 Hz, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 159.67, 140.59, 129.67, 126.84, 122.09, 114.06, 
60.04, 59.86, 55.43, 26.07, 18.54. 
cis: 
1H NMR (500 MHz, Chloroform-d) δ 7.24 (d, J = 8.9 Hz, 2H), 6.89 (d, J = 8.9 Hz, 2H), 
δ 4.76 (dp, J = 8.7, 1.4 Hz, 1H), 4.18 (d, J = 4.2 Hz, 1H), 3.84 (dd, J = 8.7, 4.2 Hz, 1H), 
3.81 (s, 3H), 1.81 (d, J = 1.4 Hz, 3H), 1.66 (d, J = 1.4 Hz, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 159.18, 142.36, 127.82, 127.77, 117.84, 113.64, 
58.94, 56.19, 55.36, 26.28, 18.62. 
LRMS-ESI (m/z): calculated C13H16O2+ H
+: 205.1229 found 205.1317. 
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Synthesis of 3.34 from (4-methoxyphenyl)methanol and 3-phenylpropanal: 
Scale: 5 mmol 
Flash Chromatography: 20:1 Hex/Et2O + 3 % TEA  20:1 Hex/Et2O  10:1 
Hex/Et2O  
TLC: Rf = 0.1 in 20:1 Hex/Et2O, Stain: PMA (color: green) 
% yield: 66% (840 mg) 
d.r. 1:1 
Physical state: clear oil 
trans: 
1H NMR (500 MHz, Chloroform-d) δ 7.34 – 6.83 (overlap, 9H), 4.04 (d, J = 4.1 Hz, 1H), 
3.82 (s, 3H), 3.22 (ddd, J = 6.6, 6.0, 4.1 Hz, 1H), 2.73 (m, 1H), 2.64 (m, 1H), 1.73 (m, 1H), 
1.59 (m, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 159.14, 141.29, 129.66, 128.60, 128.47, 127.65, 
126.05, 113.63, 58.95, 57.46, 55.39, 32.37, 28.67. 
cis: 
1H NMR (500 MHz, Chloroform-d) δ 7.34 – 6.83 (overlap, 9H), 3.81 (s, 3H), 3.51 (d, J 
= 2.1 Hz, 1H), 3.00 (ddd, J = 6.1, 5.5, 2.1 Hz, 1H), 2.90 (m, 1H), 2.79 (m, 1H), 2.09 – 1.93 
(overlap, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 159.64, 141.33, 129.53, 128.55, 128.43, 126.94, 
126.16, 113.97, 62.31, 58.77, 55.41, 34.29, 32.26. 
LRMS-ESI (m/z): calculated C17H18O2+ H
+: 255.1385 found 255.1499. 
 
 
Synthesis of 3.36 from (4-chlorophenyl)methanol and 4-chlorobenzaldehyde: 
Scale: 10 mmol 
Flash Chromatography: 4:1 Hex/DCM  
TLC: Rf = 0.3 in 4:1 Hex/DCM, Stain: PMA (color: green) 
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% yield: 70% (1.85 g) 
Physical state: white solid  
d.r. >20:1 
1H NMR (500 MHz, Chloroform-d) δ 7.36 (d, J = 8.7 Hz, 4H), 7.26 (d, J = 8.7 Hz, 4H), 
3.80 (s, 2H) 
13C NMR (126 MHz, Chloroform-d) δ 135.39, 134.40, 128.97, 126.95, 62.36. 
 
 
Synthesis of 3.37 from (4-chlorophenyl)methanol and 4-fluorobenzaldehyde: 
Scale: 10 mmol 
Flash Chromatography: 20:1  10:1 Hex/EtOAc  
TLC: Rf = 0.3 in 10:1 Hex/EtOac, Stain: PMA (color: green) 
% yield: 74% (1.85 g) 
Physical state: white solid  
d.r. >20:1 
1H NMR (500 MHz, Chloroform-d) δ 7.39 – 7.33 (m, 2H), 7.33 – 7.25 (m, 4H), 7.11 – 
7.02 (m, 2H), 3.81 (s, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 163.96, 161.99, 135.53, 134.34, 132.64, 132.61, 
128.95, 127.35, 127.29, 126.95, 115.85, 115.68, 62.43, 62.29. 
 
 
Synthesis of 3.39 from (4-fluorophenyl)methanol and 4-fluorobenzaldehyde: 
Scale: 10 mmol 
Flash Chromatography: 20:1 Hex/EtOAc  
TLC: Rf = 0.6 in 10:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 61% (1.43 g) 
Physical state: white solid  
d.r. >20:1 
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1H NMR (500 MHz, Chloroform-d) δ 7.38 – 7.27 (m, 4H), 7.13 – 7.02 (m, 4H), 3.82 (s, 
2H). 
13C NMR (126 MHz, Chloroform-d) δ 163.94, 161.97, 132.76, 132.74, 127.34, 127.28, 
115.83, 115.66, 62.37. 
 
 
Synthesis of 3.47 from benzo[d][1,3]dioxol-5-ylmethanol and 4-methoxybenzaldehyde: 
Scale: 5 mmol 
Flash Chromatography: 9:1 Hex/EtOAc + 3 % TEA  9:1 Hex/EtOAc 
TLC: Rf= 0.3 in 9:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 98% (1.325 g) 
Physical state: clear oil 
d.r. 5:1 
trans: 
1H NMR (500 MHz, Chloroform-d) δ 7.25 (d, J = 8.7 Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 
6.84 (dd, J = 8.0, 1.6 Hz, 1H), 6.82 – 6.77 (overlap, 2H), 5.97 (s, 2H), 3.82 (s, 3H), 3.78 
(d, J = 1.9 Hz, 1H), 3.77 (d, J = 1.9 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 159.89, 148.20, 147.80, 131.38, 129.17, 126.90, 
119.64, 114.16, 108.44, 105.58, 101.30, 62.78, 62.70, 55.49.  
cis: 
1H NMR (500 MHz, Chloroform-d) δ 7.09 (d, J = 8.6 Hz, 2H), 6.75 (d, J = 8.8 Hz, 2H), 
6.68 (dd, J = 8.0, 1.6 Hz, 1H), 6.66 – 6.61 (m, 2H), 5.88 (q, J = 1.5 Hz, 2H), 4.24 (q, J = 
4.2 Hz, 2H), 3.74 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 159.11, 147.35, 147.03, 128.59, 128.23, 126.52, 
120.61, 113.48, 107.96, 107.50, 101.03, 59.82, 59.71, 55.28. 
HRMS-ESI (m/z): calculated C16H14O4 + H
+: 271.0970 found 271.0988. 
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Synthesis of 3.48 from benzo[d][1,3]dioxol-5-ylmethanol and 3,4 dimethoxy 
benzaldehyde: 
Scale: 10 mmol 
Flash Chromatography: 4:1 Hex/DCM + 3 % TEA  4:1 Hex/DCM + 1 % MeOH  
TLC: Rf= 0.3 in 4:1 Hex/DCM + 1 % MeOH, Stain: PMA (color: green) 
% yield: 95% (2.85 g) 
Physical state: white solid  
d.r. 6:1 
1H NMR (500 MHz, Chloroform-d) δ 6.92 (dd, J = 8.2, 1.9 Hz, 1H), 6.84 – 6.77 (overlap, 
5H), 5.97 (s, 2H), 3.90 (s, 3H), 3.89 (s, 3H), 3.77 (s, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 149.29, 149.13, 148.06, 147.69, 131.10, 129.53, 
119.51, 118.28, 111.07, 108.31, 107.81, 105.42, 101.16, 62.70, 62.68, 55.98, 55.89. 
HRMS-ESI (m/z): calculated C17H16O5 + H
+: 301.1076 found 301.1082. 
 
 
Synthesis of 3.49 from benzo[d][1,3]dioxol-5-ylmethanol and benzo[d][1,3]dioxole-5-
carbaldehyde: 
Scale: 6.45 mmol 
Flash Chromatography: 4:1 Hex/EtOAc + 3 % TEA  4:1 Hex/EtOAC 
TLC: Rf= 0.3 in 4:1 Hex/EtOAC, Stain: PMA (color: green) 
% yield: 100% (1.85 g) 
Physical state: white solid 
d.r. 5:1 
1H NMR (500 MHz, Chloroform-d) δ 6.83 (dd, J = 8.0, 1.6 Hz, 2H), 6.80 (d, J = 8.0 Hz, 
2H), 6.78 (d, J = 1.6 Hz, 2H), 5.97 (s, 5H), 3.74 (s, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 148.20, 147.85, 131.14, 119.66, 108.44, 105.55, 
101.31, 62.77. 
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Synthesis of 3.50 from benzo[d][1,3]dioxol-5-ylmethanol and 6 methoxybenzo [d][1,3] 
dioxole-5-carbaldehyde: 
Scale: 3 mmol 
Flash Chromatography: 4:1 Hex/EtOAc + 3 % TEA  4:1 Hex/EtOAc 
TLC: Rf= 0.4 in 4:1 Hex/EtOAc, Stain: PMA (color: green)  
% yield: 98% (922 mg) 
Physical state: yellow solid 
d.r. 7:1 
1H NMR (500 MHz, Chloroform-d) δ 6.85 – 6.78 (m, 2H), 6.77 (d, J = 1.5 Hz, 1H), 6.54 
– 6.49 (m, 2H), 5.97 (overlap, 4H), 3.90 (s, 3H), 3.73 (d, J = 1.8 Hz, 1H), 3.71 (d, J = 1.8 
Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 149.24, 148.20, 147.88, 143.97, 135.38, 131.86, 
131.00, 119.67, 108.45, 105.53, 104.91, 101.76, 101.32, 99.67, 62.88, 62.83, 56.69. 
cis: 
1H NMR (500 MHz, Chloroform-d) δ 6.73 – 6.64 (m, 2H), 6.63 (d, J = 1.6 Hz, 1H), 6.38 
– 6.33 (m, 2H), 5.91 – 5.87 (overlap, 4H), 4.22 (d, J = 4.1 Hz, 1H), 4.20 (d, J = 4.1 Hz, 
1H), 3.78 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 148.53, 147.40, 147.14, 143.31, 134.73, 128.98, 
128.29, 120.56, 107.98, 107.41, 106.24, 101.56, 101.27, 101.08, 59.89, 59.82, 56.49. 
HRMS-ESI (m/z): calculated C16H14O4 + Na
+: 337.0688 found 337.0702. 
 
 
Synthesis of 3.51 from benzo[d][1,3]dioxol-5-ylmethanol and 3-bromo-4-methoxy 
benzaldehyde: 
Scale: 3 mmol 
Flash Chromatography: 10:1 Hex/EtOAc + 3 % TEA  10:1 Hex/EtOAc 
TLC: Rf= 0.3 in 10:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 75% (790 mg) 
Physical state: off-white solid 
d.r. 6:1 
1H NMR (500 MHz, Chloroform-d) δ 7.50 (d, J = 2.1 Hz, 1H), 7.24 (dd, J = 8.4, 2.1 Hz, 
1H), 6.89 (d, J = 8.4 Hz, 1H), 6.85 – 6.79 (overlap, 2H), 6.77 (d, J = 1.4 Hz, 1H), 5.98 (s, 
2H), 3.91 (s, 3H), 3.77 – 3.72 (m, 2H). 
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13C NMR (126 MHz, Chloroform-d) δ 155.91, 148.09, 147.79, 130.75, 130.62, 130.29, 
125.84, 119.57, 111.94, 111.80, 108.33, 105.39, 101.19, 62.71, 61.65, 56.34. 
HRMS-ESI (m/z): calculated C16H13BrO4 + H
+: 350.0075 found 350.0195. 
 
 
Synthesis of 3.52 from benzo[d][1,3]dioxol-5-ylmethanol and thiophene-2-carbaldehyde: 
Scale: 3 mmol  
Flash Chromatography: 20:1 Hex/Et2O + 3 % TEA  20:1 Hex/Et2O 
TLC: Rf= 0.2 in 20:1 Hex/Et2O, Stain: PMA (color: green) 
% yield: 79% (583 mg) 
Physical state: clear oil 
d.r. 4:1  
1H NMR (500 MHz, Chloroform-d) δ 7.29 (dd, J = 5.0, 1.1 Hz, 1H), 7.14 (dd, J = 3.5, 
1.1 Hz, 1H), 7.01 (dd, J = 5.0, 3.5 Hz, 1H), 6.85 (dd, J = 8.0, 1.6 Hz, 1H), 6.81 (d, J = 8.0 
Hz, 1H), 6.78 (d, J = 1.6 Hz, 1H), 5.98 (s, 2H), 4.05 (d, J = 1.9 Hz, 1H), 3.98 (d, J = 1.9 
Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 148.23, 147.99, 141.13, 130.60, 127.28, 126.06, 
125.32, 119.77, 108.48, 105.56, 101.35, 63.61, 59.51. 
HRMS-ESI (m/z): calculated C13H10O3S + H
+: 247.0429 found 247.0420. 
 
 
Synthesis of 3.53 from benzo[d][1,3]dioxol-5-ylmethanol 2-methylbenzaldehyde: 
 
Scale: 3 mmol 
Flash Chromatography: 20:1 Hex/Et2O + 3 % TEA  20:1 Hex/Et2O 
TLC: Rf = 0.2 in 20:1 Hex/Et2O, Stain: PMA (color: green) 
% yield: 96% (728 mg) 
Physical state: clear oil 
d.r. 8:1 
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1H NMR (500 MHz, Chloroform-d) δ 7.36 – 7.29 (m, 1H), 7.28 – 7.21 (m, 2H), 7.21 – 
7.14 (m, 1H), 6.88 (dd, J = 7.9, 1.7 Hz, 1H), 6.85 – 6.80 (m, 2H), 5.99 (s, 2H), 3.95 (d, J = 
2.0 Hz, 1H), 3.69 (d, J = 2.0 Hz, 1H), 2.36 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 148.22, 147.87, 135.96, 135.60, 131.39, 129.94, 
127.87, 126.33, 124.05, 119.65, 108.50, 105.58, 101.32, 62.04, 60.89, 19.04. 
HRMS-ESI (m/z): calculated C16H14O3 + H
+: 255.1021 found 255.1022. 
 
 
Synthesis of 3.54 from benzo[d][1,3]dioxol-5-ylmethanol and cinnamaldehyde: 
Scale: 3 mmol 
Flash Chromatography: 20:1 Hex/Et2O + 3 % TEA  20:1 Hex/Et2O 
TLC: Rf = 0.3 in 20:1 Hex/Et2O, Stain: PMA (color: green) 
% yield: 90% (715 mg) 
Physical state: clear oil 
d.r. 4:1 
trans: 
1H NMR (500 MHz, Chloroform-d) δ 7.40 (m, 2H), 7.34 (m, 2H), 7.30 – 7.25 (overlap, 
2H), 6.84 – 6.78 (m, 2H), 6.76 (d, J = 16.0 Hz, 1H), 6.05 (dd, J = 16.0, 7.7 Hz, 1H), 5.97 
(s, 2H), 3.82 (d, J = 1.9 Hz, 1H), 3.48 (dd, J = 7.7, 1.9 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 148.19, 147.81, 136.15, 134.52, 131.07, 128.80, 
128.28, 126.62, 126.20, 119.66, 108.44, 105.57, 101.29, 63.08, 60.87. 
cis: 
1H NMR (500 MHz, Chloroform-d) δ 7.40 (m, 2H), 7.34 (m, 2H), 7.30 – 7.25 (overlap, 
2H), 6.84 – 6.76 (overlap, 3H), 5.97 (overlap, 2H), 5.76 (dd, J = 15.9, 8.7 Hz, 1H), 4.25 
(d, J = 4.1 Hz, 1H), 3.79 (dd, J = 8.7, 4.1 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 147.79, 147.35, 137.04, 136.26, 129.19, 128.67, 
128.23, 126.65, 123.17, 120.00, 108.33, 107.02, 101.23, 60.27, 59.43. 
HRMS-ESI (m/z): calculated C17H14O3 + H
+: 267.1021 found 267.1022.  
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Synthesis of 3.55 from benzo[d][1,3]dioxol-5-ylmethanol and 2,3-difluoro-4-
methoxybenzaldehyde: 
Scale: 4 mmol  
Flash Chromatography: 20:1 Hex/EtOAc + 3 % TEA  10:1 Hex/EtOAc 
TLC: Rf = 0.2 in 10:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 89% (1.09 g) 
Physical state: off-white solid  
d.r. 3:1 
trans:  
1H NMR (500 MHz, Chloroform-d) δ 6.96 (m, 1H), 6.91 – 6.70 (m, 4H), 5.97 (s, 2H), 
4.02 (d, J = 1.9 Hz, 1H), 3.91 (s, 3H), 3.78 (d, J = 1.9 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 151.28 (d, J = 11.4 Hz), 149.30 (d, J = 11.4 Hz), 
148.97 (dd, J = 8.0, 3.2 Hz), 148.26, 147.26, 142.01 (d, J = 13.9 Hz), 140.04 (d, J = 14.0 
Hz), 130.47, 119.87, 119.52 (t, J = 4.5 Hz), 118.33 (d, J = 10.6 Hz), 108.49, 108.44 (d, J 
= 3.3 Hz), 105.63, 101.37, 62.20 (d, J = 1.3 Hz), 56.81, 56.69 (dd, J = 5.0, 3.1 Hz). 
cis: 
1H NMR (500 MHz, Chloroform-d) δ 6.92 – 6.84 (m, 1H), 6.71 – 6.56 (m, 4H), 5.88 (s, 
2H), 4.33 (d, J = 4.2 Hz, 1H), 4.30 (d, J = 4.2 Hz, 1H), 3.83 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 150.73 (d, J = 11.3 Hz), 148.76 (d, J = 11.3 Hz), 
148.61 (dd, J = 7.9, 3.3 Hz), 147.41, 147.26, 141.66 (d, J = 13.6 Hz), 139.69 (d, J = 13.8 
Hz), 127.90, 122.22 (t, J = 4.6 Hz), 120.29, 115.83 (d, J = 11.6 Hz), 108.02, 107.47 (d, J 
= 3.3 Hz), 107.04, 101.10, 59.19, 56.58, 55.39 (t, J = 3.6 Hz). 
HRMS-ESI (m/z): calculated C16H12F2O4+ H
+: 307.0782 found 307.0775. 
 
Synthesis of 3.56 from benzo[d][1,3]dioxol-5-ylmethanol and 4-(benzyloxy)-3-methoxy 
benzaldehyde: 
 
 273 
 
Scale: 5 mmol 
Flash Chromatography: 20:1 Hex/EtOAc + 3 % TEA  4:1 Hex/EtOAc 
TLC: Rf = 0.5 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 68% (1.32 g) 
Physical state: white solid 
d.r. 6:1 
1H NMR (500 MHz, Chloroform-d) δ 7.48 – 7.41 (m, 2H), 7.40 – 7.33 (m, 2H), 7.33 – 
7.28 (m, 1H), 6.90 – 6.77 (m, 6H), 5.97 (s, 2H), 5.17 (s, 2H), 3.91 (s, 3H), 3.76 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 150.10, 148.34, 148.18, 147.81, 137.11, 131.22, 
130.22, 128.68, 127.98, 127.34, 119.64, 118.31, 114.03, 108.50, 108.43, 105.54, 101.29, 
71.18, 62.80, 62.79, 56.13. 
HRMS-ESI (m/z): calculated C23H20O5 + Na
+: 399.1208 found 399.1198. 
 
 
Synthesis of 3.57 from (3,4-dimethoxyphenyl)methanol and 3,4-dimethoxybenzaldehyde: 
Scale: 6.45 mmol 
Flash Chromatography: 4:1 Hex/DCM + 3 % TEA  1:1 Hex/DCM + 1 % MeOH  
TLC: Rf= 0.4 in 4:1 Hex/DCM, Stain: PMA (color: green) 
% yield: 86% (1.757 g)  
Physical state: white solid 
d.r. 7:1 
1H NMR (500 MHz, Chloroform-d) δ 6.93 (dd, J = 8.2, 1.9 Hz, 2H), 6.87 (d, J = 8.2 
Hz, 2H), 6.84 (d, J = 2.0 Hz, 2H), 3.90 (s, 6H), 3.89 (s, 6H), 3.81 (s, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 149.49, 149.31, 129.82, 118.44, 111.30, 108.06, 
62.92, 56.17, 56.07. 
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Synthesis of 3.58 from (3,4-dimethoxyphenyl)methanol and 2,3,4-trimethoxy 
benzaldehyde: 
Scale: 5 mmol 
Flash Chromatography: 4:1 Hex/EtOAc + 3 % TEA 4:1 Hex/EtOAc 
TLC: Rf = 0.1 in 4:1 Hex/EtOAc 
% yield: 90% (1.55 g) 
Physical state: white solid 
d.r. 2:1 
trans: 
1H NMR (500 MHz, Chloroform-d) δ 6.94 (d, J = 8.6 Hz, 1H), 6.89 – 6.83 (m, 3H), 6.70 
(d, J = 8.6 Hz, 1H), 4.09 (d, J = 2.0 Hz, 1H), 3.90 (s, 3H), 3.89 (s, 3H), 3.88 (s, 3H), 3.87 
(s, 3H), 3.87 (s, 3H), 3.77 (d, J = 2.0 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 153.65, 152.66, 149.38, 149.20, 142.03, 129.89, 
123.35, 122.70, 119.65, 111.19, 108.11, 107.64, 62.36, 61.61, 61.04, 58.41, 56.18, 56.09, 
56.02. 
cis:  
1H NMR (500 MHz, Chloroform-d) δ 6.93 (d, J = 8.4 Hz, 1H), 6.80 (d, J = 8.4 Hz, 1H), 
6.70 (dd, J = 8.5, 2.0 Hz, 1H), 6.58 (d, J = 2.0 Hz, 1H), 6.53 (d, J = 8.5 Hz, 1H), 4.35 (d, J 
= 4.1 Hz, 1H), 4.28 (d, J = 4.1 Hz, 1H), 3.79 (s, 3H), 3.79 (s, 3H), 3.77 (s, 3H), 3.68 (s, 
6H). 
13C NMR (126 MHz, Chloroform-d) δ 153.42, 152.14, 148.87, 148.30, 141.67, 127.43, 
120.84, 119.65, 118.54, 110.53, 109.74, 106.46, 60.93, 60.85, 59.41, 57.69, 56.04, 55.87, 
55.73. 
HRMS-ESI (m/z): calculated C19H22O6 + H
+: 347.1495 found 347.1491. 
 
 
Synthesis of 3.59 from (3,4,5-trimethoxyphenyl)methanol and 4-methoxybenzaldehyde: 
Scale:10 mmol 
Flash Chromatography: 9:1 Hex/EtOAc + 3 % TEA  4:1 Hex/EtOAc  
TLC: Rf= 0.4 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 98% (3.24 g) 
Physical state: clear oil 
d.r. 9:1 
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1H NMR (500 MHz, Chloroform-d) δ 7.26 (d, J = 8.7 Hz, 2H), 6.92 (d, J = 8.7 Hz, 2H), 
6.57 (s, 2H), 3.87 (s, 6H), 3.85 (s, 3H), 3.82 (overlap, 4H), 3.77 (d, J = 1.7 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 159.94, 153.69, 137.95, 133.07, 129.03, 126.91, 
114.18, 102.17, 62.95, 62.83, 61.02, 56.25, 55.49. 
HRMS-ESI (m/z): calculated C18H20O5 + H
+: 317.1389 found 317.1393. 
 
 
Synthesis of 3.60 from (3,4,5-trimethoxyphenyl)methanol and benzo[d][1,3]dioxole-5-
carbaldehyde:  
Scale: 10 mmol  
Flash Chromatography: 9:1 + 3 % TEA  4:1 Hex/EtOAc  
TLC: Rf= 0.3 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 100% (3.3 g) 
Physical state: clear oil  
d.r. >20:1 
1H NMR (500 MHz, Chloroform-d) δ 6.87 – 6.77 (m, 3H), 6.56 (s, 2H), 5.97 (s, 2H), 
3.87 (s, 6H), 3.85 (s, 3H), 3.78 (d, J = 1.9 Hz, 1H), 3.74 (d, J = 1.9 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 153.71, 148.24, 147.92, 138.02, 132.85, 131.01, 
119.71, 108.48, 105.55, 102.19, 101.34, 62.95, 62.91, 61.04, 56.26. 
HRMS-ESI (m/z): calculated C18H18O6 + H
+: 331.1182 found 331.1180. 
 
 
Synthesis of 3.61 from (3,4,5-trimethoxyphenyl)methanol and 3,4,5-trimethoxy 
benzaldehyde: 
Scale: 5 mmol 
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Flash Chromatography: 4:1 Hex/DCM + 3% TEA 4:1 Hex/DCM + 1% MeOH  
3:1 Hex/DCM + 1% MeOH  3:1 Hex/DCM + 3% MeOH 
TLC: Rf = 0.1 in 4:1 Hex/DCM + 3% MeOH 
% yield: 60% (1.123 g) 
Physical state: white solid 
d.r. >20:1 (determined after purification) 
1H NMR (500 MHz, Chloroform-d) δ 6.57 (s, 4H), 3.87 (s, 12H), 3.85 (s, 6H), 3.78 (s, 
2H). 
13C NMR (126 MHz, Chloroform-d) δ 153.70, 138.05, 132.69, 102.18, 63.08, 61.00, 
56.24. 
HRMS-ESI (m/z): calculated C20H24O7 + Na
+: 399.1420 found 399.1432. 
 
 
Synthesis of 3.62 from (3,4,5-trimethoxyphenyl)methanol and 2,3,4-trimethoxy 
benzaldehyde: 
Scale: 5 mmol 
Flash Chromatography: 10:1 Hex/Et2O + 3 % TEA 3:1 Hex/Et2O 
TLC: Rf = 0.2 in 4:1 Hex/EtOAc  
% yield: 73% (1.38 g) 
Physical state: clear oil 
d.r. 4:1 
trans:  
1H NMR (500 MHz, Chloroform-d) δ 6.93 (d, J = 8.7 Hz, 1H), 6.69 (d, J = 8.7 Hz, 1H), 
6.58 (s, 2H), 4.05 (d, J = 1.9 Hz, 1H), 3.89 (s, 3H), 3.88 (s, 3H), 3.87 (overlap, 9H), 3.85 
(s, 3H), 3.77 (d, J = 2.0 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 153.73, 153.64, 152.68, 142.02, 137.94, 133.06, 
123.07, 119.69, 107.63, 102.30, 62.44, 61.62, 61.02, 60.98, 58.53, 56.23, 56.18. 
cis:  
1H NMR (500 MHz, Chloroform-d) δ 6.94 (d, J = 8.5 Hz, 1H), 6.53 (d, J = 8.5 Hz, 1H), 
6.37 (s, 2H), 4.35 (d, J = 4.3 Hz, 1H), 4.26 (d, J = 4.3 Hz, 1H), 3.79 (s, 3H), 3.76 (s, 3H), 
3.75 (s, 3H), 3.70 (overlap, 9H). 
13C NMR (126 MHz, Chloroform-d) δ 153.50, 152.76, 152.10, 141.64, 137.36, 130.44, 
122.68, 120.62, 106.42, 103.94, 60.92, 60.84, 59.58, 57.69, 56.23, 56.06, 56.04. 
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HRMS-ESI (m/z): calculated C20H24O7 + Na
+: 399.1420 found 399.1411.  
 
 
Synthesis of 3.63 from (2,3,4-trimethoxyphenyl)methanol and 2,3,4-
trimethoxybenzaldehyde: 
Scale: 10 mmol 
Flash Chromatography: Basic Dry Loading  4:1 Hex/EtOAc + 3 % TEA  4:1 
Hex/EtOAc  2:1 Hex/EtOAc 
TLC: Rf = 0.3 in 4:1 Hex/EtOAc  
% yield: 70% (2.6 g) 
Physical state: white solid 
d.r. 2:1  
1H NMR (500 MHz, Chloroform-d) δ 6.97 (d, J = 8.6 Hz, 1H), 6.70 (d, J = 8.7 Hz, 1H), 
4.05 (s, 1H), 3.89 (s, 3H), 3.88 (s, 3H), 3.87 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 153.64, 152.77, 142.01, 123.49, 119.85, 107.62, 
61.58, 61.06, 57.94, 56.19. 
HRMS-ESI (m/z): calculated C20H24O7 + Na
+: 399.1420 found 399.1418.  
 
 
Synthesis of allylic epoxide 3.65: A 50 mL round bottom flask with a magnetic stirring bar 
was charged with 3.66 (1.34 g, 10 mmol, 1 equiv.), THF (1.07 mL, 12 mmol, 1.2 equiv.) 
and DCM (10 mL , [1 M]). The reaction was stirred and HBF4-OEt2 (1.62 mL, 10.5 mmol, 
1.05 equiv.) was added dropwise. The resultant yellow solution was left to stir for a 48 h 
period. At the completion of the stir period the reaction mixture was added to a stirring 
solution of Et2O (100 mL) dropwise. This resulted in crashing of the desired sulfonium salt 
as a white solid, which was collected and dried under high vacuum. The resultant solid 
(2.66 g, 91% yield) was used without any further purification or characterization.  
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A 200 mL round bottom flask with a magnetic stirring bar was charged with s3.1 
(2.66 g, 9.1 mmol, 1 equiv), butyraldehyde (1.64 mL, 18.2 mmol, 2 equiv.) and 10:1 
MeCN/H2O (50 mL, [0.18]). The stirred reaction was cooled to 0 °C (ice/water bath) and 
powder KOH (562 mg, 10.1 mmol, 1.1 equiv.) was added. The reaction was left to stir for 
a 24 h period. The resultant yellow solution was then reduced in vacuo and introduced into 
a separatory funnel with the assistance of EtOAc. The organic solution was washed with 
water and the water layer was extracted twice with EtOAc. The combined organic layer 
was washed with brine and dried over MgSO4. The solution was reduced in vacuo and 
further purified by flash chromatography.  
 
Flash Chromatography: 97:3 Hex/TEA  40:1 Hex/Et2O 
TLC: Rf=0.6-0.7 (two spots), Stain: PMA (color: green) 
% yield: 73% (1.25 g) 
Physical state: clear oil  
d.r. 1:1 
cis and trans (reported as a inseparable mixture)  
1H NMR (500 MHz, Chloroform-d) δ 7.43 – 7.36 (m, 2H), 7.36 – 7.29 (m, 2H), 7.30-
7.23 (m, 1H), 6.76 (d, J = 12.6 Hz, 1H), 5.94 (dd, J = 15.9, 7.9 Hz, 1H), 3.27 (ddd, J = 7.8, 
2.2, 0.6 Hz, 1H), 3.18 (ddd, J = 6.7, 5.5, 4.2 Hz, 1H), 1.75 – 1.40 (m, 4H), 1.00 (t, J = 7.3 
Hz, 3H). 
1H NMR (500 MHz, Chloroform-d) δ 7.43 – 7.36 (m, 2H), 7.36 – 7.29 (m, 2H), 7.29-
7.23 (m, 1H), 6.79 (d, J = 15.9 Hz, 1H), 6.07 (dd, J = 15.9, 7.6 Hz, 1H), 3.27 (ddd, J = 7.8, 
2.2, 0.6 Hz, 1H), 3.18 (ddd, J = 6.7, 5.5, 4.2 Hz, 1H), 1.90 – 1.36 (m, 4H), 1.00 (d, J = 7.3 
Hz, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 136.50, 136.35, 135.37, 133.93, 128.74, 128.08, 
128.06, 127.23, 126.56, 126.52, 124.00, 60.96, 59.39, 58.91, 57.39, 34.21, 30.13, 19.87, 
19.36, 14.11, 14.08. 
 
 
 
Synthesis of bis-allylic epoxide 3.66: A 150 mL round bottom flask with a magnetic 
stirring bar was charged with alcohol (1.48 g, 11 mmol, 1 equiv.), THT (1.07 ml, 12 mmol, 
1.1 equiv.), and MeCN (11 mL, [1 M]). To the stirred reaction was added HBF4-OEt2 (1.67 
mL, 12 mmol, 1.1 equiv.) dropwise at which point the reaction turned from clear to yellow. 
After a 24 h stir period the reaction was diluted with MeCN (90 mL, [0.1 M]) and H2O (10 
mL), cooled to 0 °C (ice/water bath), and the aldehyde (2.1 mL, 22 mmol, 2 equiv.) and 
freshly grounded KOH (675 mg, 12 mmol, 1.1 equiv.) were added in that order. The 
reaction was left to stir for a 24 h period and then reduced in vacuo. The resultant residue 
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was transferred to a separatory funnel with the assistance of EtOAc. The resultant organic 
solution was washed with water and the aqueous layer was back extracted twice with 
EtOAc. The combined organic fractions were dried over MgSO4 and reduced in vacuo. The 
resultant residue was purified by flash chromatography.  
Flash Chromatography: 20:1 Hex/Et2O + 3% TEA  
TLC: Rf = 0.4 in 20:1 Hex/Et2O + 3% TEA  
% yield: 49% (1.07 g) 
Physical state: clear oil 
d.r. 1:1 
cis and trans (reported as an inseparable mixture) 
1H NMR (500 MHz, Chloroform-d) δ 7.44 – 7.36 (m, 4H), 7.36 – 7.29 (m, 4H), 7.29 – 
7.21 (m, 2H), 6.83 – 6.72 (m, 2H), 6.08 (dd, J = 15.9, 7.7 Hz, 1H), 5.99 (dd, J = 15.9, 7.6 
Hz, 1H), 5.13 (dp, J = 8.5, 1.4 Hz, 1H), 4.93 (dp, J = 8.7, 1.4 Hz, 1H), 3.84 (dd, J = 8.4, 
4.3 Hz, 1H), 3.73 (ddd, J = 7.7, 4.3, 0.8 Hz, 1H), 3.56 (dd, J = 8.7, 2.2 Hz, 1H), 3.42 (dd, 
J = 7.7, 2.1 Hz, 1H), 1.85 – 1.81 (m, 6H), 1.81 – 1.77 (m, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 141.64, 140.64, 136.32, 136.20, 135.27, 133.74, 
128.61, 128.60, 127.96, 126.62, 126.48, 126.41, 124.20, 121.54, 118.36, 60.28, 58.90, 
57.69, 55.92, 26.15, 25.95, 18.46, 18.39. 
HRMS-ESI (m/z): calculated C14H16O + H
+: 201.1279 found 201.1289. 
 
References for Experimental:  
1. Chai, C.; Armarego, W. L. F. Purification of Laboratory Chemicals; 6th ed.; 
Butterworth Heinemann: Oxford, 2009.  
2. Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. 
Organometallics 1996, 15, 1518.  
3. Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923. 
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CHAPTER 4 
Unified Synthesis of Classical Lignan Family of Natural Products 
4.1 Introduction 
Detailed below is a unified synthetic platform for synthesis of classical lignan (CL) 
natural products that hinges on divergence from a common intermediate that was 
strategically identified from nature’s biosynthetic blueprints.1 Efforts to make the common 
intermediate through a modular approach resulted in use of a highly convergent [3+2] 
dipolar cycloaddition between carbonyl ylides, generated from epoxides, and 
dipolarophiles. This furnishes densely functionalized cyclic ethers that contain the 
complete carbon skeleton that can be found in all CL natural products and can be advanced 
in 2-4 steps to at least one representative natural product within all six subtypes, 8 members 
in the family. The application of the outlined synthetic blueprints to synthesis of 
heterolignans bearing unnatural functionality was demonstrated, which establishes the 
potential of this approach to accelerate structure-activity-relationship studies of these 
natural product frameworks in any therapeutic context. 
4.2 Background  
Classical lignans (CL) are a subdivision of the lignan family of natural products 
that were first recognized by Haworth2 and later classified by Whiting.3 Historically, CLs 
are one the most synthetically well studied and sought after family of molecules found in 
planta.4–12 In their host, CLs serve as a means of protection against herbivores and 
microorganisms, but to humans, CLs hold exceptional value because of their broad 
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spectrum of potent biological actions. Some of these have already significantly impacted 
human health. 
 
Figure 4.1— Representative members of classical lignan (CL) natural products. 
Although their carbon framework is only composed of two phenylpropane units 
(Figure 4.1a), CLs exhibit wide structural diversity and oxidation patterns that extend to 
six different subtypes, namely, dibenzylbutane (CL1), dibenzylbutyrolactone (CL2), 
arylnapthalene and their derivatives (CL3), dibenzocyclooctadiene (CL4), furan (CL5a-
c), and furofuran (CL6).11 Though these subtypes differ greatly in connectivity, they all 
share a common carbon-carbon (β-β’ or 8, 8’) linkage in their propane side chain, a 
birthmark that is the consequence of a common biosynthesis. This skeletal element and 
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their dimeric nature differentiate CLs from other related families like the neolignans, 
norlignans, and lignins. CLs can also be further divided into those that may or may not 
comprise a 9, 9’ oxygen appendage, a distinction that is relevant when discussing their 
biosynthesis.13,14 
Exemplary among CLs is podophyllotoxin (4.1), a CL3, which is the parent 
molecule of the chemotherapeutic etoposide (Figure 4.1b), a potent inhibitor of 
topoisomerase II and commonly used for treatment of a variety of cancer malignancies.15,16 
The clinical success of 4.1 and its derivatives have led to substantial efforts towards 
unraveling innovative routes for their synthesis. Lau and Sattely disclosed a biosynthetic 
route to an advance intermediate of 4.1 by expression of its full pathway in tobacco plants 
as a heterologous host.17,18 Additionally, Hans and Fuchs have recently disclosed concise 
chemoenzymatic approaches to 4.1.19,20 
Another prominent natural product is meso nordihydroguaiaretic acid (NDGA) 
(4.2), a relatively less complex CL, which has been used in two clinical trials for the 
treatment of prostate cancer.21 Further structure-activity-relationship (SAR) of 4.2 has 
identified terameprocol (4.3) as a metabolically more stable derivative that is currently in 
an active clinical trial for treatment of high grade glioma.22 
Despite numerous advances in characterizing the biosynthesis of CLs and the 
foreseeable use of this knowledge for their production in bioengineered hosts, these 
methods are often limited to the production of singular CLs. Moreover, such approaches 
cannot be routinely adapted for modification and synthesis of unnatural CLs. This latter 
feature is desired when considering the rigorous SAR investigation required to improve the 
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bioactivity and pharmacokinetics of lead compounds. Thus, it is no surprise to find that 
short synthetic routes to CLs, especially those amenable for medicinal chemistry, are still 
desirable. 
Although many sophisticated syntheses to each subtype have been invented, rarely 
have these strategies shown the flexibility that nature displays in its biosynthesis, resulting 
in routes that can only access a single subtype and in some instances are not practical for 
SAR investigation.23–28 Of the approaches that can access multiple subtypes, like use of the 
venerable Stobbe condensation29–31 or the biomimetic oxidative coupling of cinnamic acids 
and ester,32–39 considerable work is left to be done to show how to leverage those strategies 
for synthesis of all subtypes, unsymmetrical, and unnatural CLs.40–43 Of particular note is 
use of cyclobutanes as a central scaffold to access CLs.44–46 Recent work by Albertson and 
Lumb have demonstrated that this strategy holds promise in addressing many of these 
limitations. 
Our initial interest into CLs arose from our desire to exploit the relatively unstudied 
neurotrophic activity some family members exhibit.47–49 In particular, we became 
interested in developing a short modular route to access CL5a natural products such as 
talaumidin (4.4) (Figure 1b). As highlighted in Chapter 1, 4.4 and its all-cis analogue have 
been reported to have significant neurotrophic activity and we posited that a modular 
approach into these molecules would further inform their SAR.50,51 However, drawing 
inspiration from the biosynthesis of CLs, we recognized links between CL5a and the other 
CLs. This led us to develop a unified strategy that centers on the manipulation of the CL5a 
skeleton for synthesis of all CL subtypes.  
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4.3 Biosynthesis and Proposed Strategy for the Synthesis of Classical Lignans 
 
Scheme 4.1 — Biosynthesis of classical lignans and proposed strategy for their assembly. 
Our retrosynthetic analysis was greatly influenced by a bifurcation that occurs early 
in the biosynthesis of CLs. Mainly, we appreciated the relative relationship of CL5a to 
CL6, which both arise from common intermediate 4.7 (Scheme 4.1). The biosynthesis of 
CLs has been well characterized and it commences by single electron oxidation and 
deprotonation of a propenyl phenol alcohol unit 4.5 by an oxidative enzyme to produce a 
phenoxy radical. Seminal work by Davin and Lewis demonstrated that two of these are 
trapped in solution by a second enzyme, namely, a dirigent protein, forming a ternary 
 336 
 
complex 4.6. Within this complex a highly regio- and stereoselective caron-carbon bond 
coupling event ensues to afford bis para-quinone-methide (pQM) 4.7.52 Two sequential 5-
exo-trig cyclizations of 4.7 furnishes CL6, which has been shown in most cases to serve as 
the parent molecule to the remaining CLs, except CL5a.14 Interestingly, to the best of our 
knowledge, a dirigent protein that orchestrates the regioselective coupling and cyclization 
of CL5a has yet to be identified. However, it is likely that it arises through regioselective 
coupling followed by water trapping of 4.7 to afford CL5a.53 Whether this post cyclization 
event occurs within or outside the dirigent protein domain remains an intriguing question, 
but the high stereochemical diversity of CL5a in nature leads us to speculate the latter. 
This last notion raises interesting questions: does the same dirigient protein 
orchestrate both the synthesis of CL6 and CL5a subtypes? Or are there subtype dependent 
dirigent proteins? To date this remains unanswered. A study regarding the biosynthesis of 
polymeric lignins has shown that when 9-O-acetylated propenyl phenol alcohols are 
exposed to an oxidative enzyme coupling and formation of CL5a occurs.54 It would be of 
interest to see if the same dirigent proteins that have been used in biomimetic studies by 
Davin and Lewis and others to form CL6 could control the regiospecific coupling of 9-O-
acetylated propenyl phenol alcohols to afford CL5a.52,55 Often, CL5a natural products are 
isolated bearing functional groups in the 9, 9’-oxygen, such as acetyl groups, that would 
not make the formation of CL6 possible.56–58 These observations support the idea that the 
bifurcation event — after carbon-carbon bond formation within the dirigent protein’s active 
site — could be substrate controlled and not guided by the dirigent protein. We find more 
credence in this idea when considering that acyltransferases are responsible for production 
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of propenyl phenol alcohol with 9-acetyl groups in vivo.59 Accordingly, it is expected that 
plants could control the effective concentration of monomeric 9-hydroxyl and 9-O-
acetylated propenyl phenol alcohol units; presumably, affecting these when proper 
secondary metabolites are required. From an evolutionary perspective, this process would 
be more simplistic than undergoing undirected evolution towards generation of a dirigent 
protein that could produce CL5a natural products. To be clear, these thoughts are all ours 
and academic in origin.  
Aside from this point, we were intrigued that a single water molecule linked CL5a 
to bis-pQM 4.7. This led us to contemplate whether a general strategy to access other 
important CL subtypes outside CL5a was possible. We hypothesized that (1) if we could 
devise a simple entry into CL5a, then (2) we could leverage that scaffold into CL6 through 
dehydration and formation of a bis-pQM. Moreover, although CL6 and CL5a differ greatly 
in connectivity, these molecules possess identical oxidation states. As a result, (3) we 
posited that if nature could leverage CL6 into other CLs, then we could find selective 
reactions to do the same with CL5a (Scheme 4.1, Hypothesis 1-3).  
To realize these goals, we needed to identify an approach to CL5a that was short 
and convergent in fashion. Furthermore, our blueprints to CL5a needed to be absent of 
intrinsic reactivity requirements for it to be applicable to unnatural CLs. With these caveats 
in mind, we envisioned that CL5a could be accessed through our developed photoredox 
catalyzed [3+2] dipolar cycloaddition between a carbonyl ylide 4.8 and dipolarophile 4.9 
(Scheme 4.1, Hypothesis 1).1,60 Lasting features of this reaction is that although carbonyl 
ylide formation proceeds through two distinct conformers (exo, exo and exo, endo) the 
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resulting diastereomeric products retain the relative stereochemistry of the dipolarophile. 
In the context of CLs, the retention of stereochemistry of dipolarophile recapitulates the 
stereoselective carbon-carbon bond coupling event that occurs in the biosynthesis of CLs. 
Moreover, conversion of CL5a to CL6 would proceed through a stereoablative process, 
providing a single bis-pQM, like 4.7. More broadly, the success of the outlined plan to 
access all CL subtypes hinged on effecting two themes: First, ablation of uncontrolled 
stereocenters fashioned by the carbonyl ylide and, second, proper relay of stereochemical 
information established by the dipolarophile into new forming stereogenic centers in each 
CL subtype. 
If successful, the outlined strategy aids segmentation of CLs subtypes into their 
peripheral components (aryl groups and pendant oxygen), which enables a modular 
approach to synthesize these molecules and simplification of future SAR studies.  
4.4 Synthesis of Furofuran (CL6) 
To this end, we began our synthetic efforts towards validating our hypothesis by 
first targeting methyl piperitol (4.16) (Scheme 4.2), a furofuran natural product. Our target 
selection was grounded on demonstrating our ability to access nonsymmetrical CLs that 
possess hetero- aryl substituents. Biomimetic strategies often fall short in this regard, only 
providing entree to symmetrical CLs at the benefit of obtaining short routes. 
An instructive example for dehydration of CL5a was found in the biomimetic 
studies by Beroza and Schechter (Scheme 4.2a). Here, conversion of 4.10 to sesamin (4.11) 
was carried out under refluxing ethanol and HCl.61 This study has served as a starting point 
for many published work regarding the generation of bis-pQM.62,63 Of these, a disclosure 
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by Syed leverages this method for the asymmetric synthesis of yangambin (4.13) from 4.12 
(Scheme 4.2b). Interestingly, formation of 4.13 is also accompanied by 4.14, which 
comprises the general structure of CL5a. The authors cited that under high concentration 
of HCl and long periods of heating of 4.14, trace amounts of 4.13 could be detected. These 
studies provided enough background for us to develop methodology for the synthesis of 
4.16 (Scheme 2c).  
 
Scheme 4.2 — Previous biomimetic strategies to access CL6 natural products. Abbreviations: BA= 
Brønsted acid, LA= Lewis acid. 
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We posited that the desired transformation (CL5a  CL6) could be affected by 
the use of a Brønsted or Lewis acid. 4.15 could be obtained in high yields as a hygroscopic 
white foam and mixture of inconsequential diastereomer d.r. 3:3:2:1 (or 2:1 (exo, exo: 
exo,endo) carbonyl ylide) from a sequence that will be described shortly. A variety of 
conditions and hypothesis were explored with the sole goal of attaining 4.16 exclusively 
and the most distinguished of these are presented in Table 1. Of the Lewis acids explored 
BF3-OEt2 (entry 10) gave spot to spot conversion to desired 4.16 and two of its epimers at 
C7 and C7’(d.r. 2:1:1), which are also natural products. Motivated to improve on this other 
boron Lewis acids were examined (B(C6F5)3, BCl3, BBr3), but no discernable trends were 
observed. Moving to GaCl3 (entry 9) gave modest improvements in selectivity; but InCl3 
(entry 6), who’s within the same group and has larger ionic radii, yielded poor results. 
Among the Lewis acids that were probed only FeCl3 proved to be competent in catalytic 
amounts (entry 1), providing full conversion with no selectivity (d.r. ~ 2:1:1). Efforts to 
improve this by varying manageable parameters were ineffective. In fact, often when good 
selectivities (d.r. >10:1) were observed only low conversion of 4.15 was attained (>10%).  
Undiscouraged by these results we began to investigate Brønsted acids. The 
conditions described by Syed (Scheme 4.2b) afforded trace amounts of the desired product. 
It was discovered that in general protic solvents inhibited reactivity and CH2Cl2, a 
nonpolar, aprotic solvent, was more productive. Actually, the addition of exogenous water 
to the reaction inhibited reactivity all together. This provided an interesting conundrum 
since product formation is accompanied with generation of water. To make matters more 
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interesting, use of drying agents (CaO, MgSO4, 3 and 4 Å MS) were found to also inhibit 
reactivity.  
Table 4.1 — Screening of Lewis and Brønsted Acids for conversion of CL5a to CL6. Abbreviations: IY= 
isolated yield, RSM= recovered starting material. 
 
entry conditions d.r. (4.16:C7:C7’) % conversion 
(%IY, %RSM) 
Best Conditions (23 °C) 
1 FeCl3 (20 mol%), 
CH2Cl2, 12 h 
45 : 29 : 26 100 
2 HCl (10 mol%), 4:1 
CH2Cl2/HFIP, 12 h 
59 : 21 : 19 100 
3 TMSCl (5 equiv.), 
CH2Cl2, 3 d 
67 : 28 : 01 72 
4 [2 M] HCl (3 equiv.) 
in Et2O, CHCl3, 48 h 
93 : 7 : 0 40 (40, 58) 
Lewis Acids (CH2Cl2 [0.05 M], 12 h, 23 °C) 
5 AlCl3 (1 equiv.) n/a decomposition 
6 InCl3 (1 equiv.) 70 : 27 : 3 31 
7 ZnI2 (1 equiv.) n/a no reaction 
8 SnCl4 (1 equiv.) n/a trace/decomposition 
9 GaCl3 (1 equiv.) 65 : 30 : 5 100 
10 BF3-OEt2 (1 equiv.) 50 : 25 : 25 100 
Brønsted Acids (12 h) 
11 TMSOTf (0.2 equiv.), 
CH2Cl2, 23 °C 
50 : 25 : 25 100 
12 TMSOTf (0.2 equiv.), 
CH2Cl2, -40 °C 
50 : 25 : 25 10 
13 H2SO4 (1 equiv.), 
CH2Cl2, 23 °C 
n/a polymerization 
14 TFA (1 equiv.), 
HFIP, 23 °C 
50 : 25 : 25 77 
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These observations led us to identify 2M HCl in Et2O (3 equiv.) as a suitable acid 
(entry 4), which could elicit the desired transformation with modest conversions and high 
selectivity (d.r. >10:1). In practice, this reaction was carried out in dry CHCl3 and stirred 
for 48 h. After work-up and flash chromatography 4.16 could be isolated in 40% yield and 
unreacted starting material could be recovered in 58%. In the end, this entry was our best 
result that was able to reconcile yield and selectivity.  
We arrived at these conditions within the first ~ 100 reactions, but unfortunately, 
our naïve attitude towards obtaining high yield and selectivity led us astray. This resulted 
in the execution of >400 additional reactions — many of which will not be discussed. 
Despite of this, additional insights were gained regarding this system: it was found that 
TMSOTf (20 mol %) could catalyze the reaction, albeit with no selectivity (entry 11). 
Efforts to improve this with lower temperatures proved ineffective (entry 12). Usage of 
H2SO4 caused complete and fast polymerization of 4.15 (entry 13). This latter data point 
could be of interest but is clearly outside our purview. A variety of acids were found to be 
effective only in the presence of HFIP, e.g. TFA (entry 14), pTsOH, and racCPA.64 The 
use of TMSCl (5 equiv.), a dry source of HCl, provided a modest increase in conversion 
and only afforded 4.16 and C7 (entry 3). Last of all, the combination of HCl (10 mol %) 
and 4:1 CH2Cl2/HFIP produced quantitative conversion to the desired product with modest 
selectivity (entry 2). Although a great deal of time and resources were spent during this 
screening period, we were able compile a list of conditions that would eventually prove to 
be useful in our efforts to unify CLs.  
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Scheme 4.3 — Epimerization studies of 4.16 in the presence of HCl. 
The challenge in obtaining both high yields and selectivity rests on the tendency of 
4.16 to epimerize under extended exposure to acidic media (Scheme 4.3). Consequently, 
although the reaction may prove to be stereoselective, over time C7 and C7’ epimers result 
from 4.16. With this result we were able to generate a more sophisticated question: could 
we identify a Brønstead acid that could kinetically distinguish 4.15 from 4.16? In other 
words, if an acid with a privilege scaffold could react with 4.15 and not 4.16 (or at least 
faster), we would have a process where only 4.16 would be accessible. The obvious threat 
to our hypothesis is that cyclic ether 4.16 is more sterically accessible than 4.15; thus, 
discrimination would be challenging on just steric arguments. We were not deterred by this 
analysis and still tested a variety of privileged chiral acids (CPA and CSA derived), but not 
surprisingly these also proved unrewarding. At this point, we would like to thank our 
colleague and friend Dr. Randolph A. Escobar for insightful conversations regarding 
Brønsted acid catalysis, encouragement throughout this process, and for gifting us various 
CPA-derived catalysts. 
The total synthesis of (±) methyl piperitol (4.16) is described below. Epoxide 4.20 
was synthesized on a decagram scale (95%, d.r. 6:1), using our developed single flask 
sulfonium-ylide (4.18) mediated epoxidation of aldehyde 4.19 with alcohol 4.17 (Scheme 
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4.4).65 Sequentially, 4.20 was subjected to [3+2] dipolar cycloaddition catalyzed by DTAC 
(4.22) with 4.21, and the resulting product was reduced with LiAlH4, affording diol 4.15 
in 90% yield on a gram scale as a mixture of four inconsequential diastereomers (d.r. 
3:3:2:1). 
 
Scheme 4.4 — Total synthesis of methyl piperitol (4.16) and screened conditions for formation of bis-
para-quinone methide. 
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Treatment of 4.15 with 2 M HCl in CHCl3 induces step wise pQM formation 
(4.15a) and 5-exo-trig cyclization affording intermediate 4.15b; a progressive pQM 
formation with loss of water and 5-exo-trig cyclization supplies 4.16 in 40% yield and 
excellent selectivity (d.r. >10:1) after 48 h (Scheme 4.4, Cycle 1). More importantly, the 
remaining mass balance of the reaction (58% recovered diol) could be resubmitted to the 
same conditions and similar efficiency for formation of 4.16 was observed (Cycle 2). 
We postulate that formation of 4.16 proceeds stereoselectively based on 
comparison of plastic models that would lead to other diastereomers. These indicate that 
pQM formation and closure prefer to occur away from the first formed cyclic ether (4.15d 
vs. 4.15c) to furnish 4.16. Physical data that corroborates this view are our ability to gain 
access to 4.16 in high selectivity at modest conversions and the epimerization studies. In 
the end, our synthetic approach provides (±)-methyl piperitol (4.16) in 4 steps and 32% 
overall yield.66  
4.5 Synthesis of Dibenzylbutanes (CL1) 
The transformation of CL5a to CL1 has previously been achieved using stringent 
conditions such as Birch reduction67,68 (Scheme 4.5a) and hydrogenation with PdO69,70 
(Scheme 4.5b) under pressurized conditions. The latter being the mildest of both methods 
was only performed on the more sterically accessible all-cis stereoisomer. Continuing the 
theme of engaging CL5a in stereoablative processes, we identified Pd(OH)2,
71 Pearlman’s 
catalyst, as a highly active catalyst that can indiscriminately reduce all stereoisomers 
obtained from the cycloaddition to CL1 scaffolds (Scheme 4.5c). A route was established 
that consists of [3+2] dipolar cycloaddition, LiAlH4 reduction, and Pd(OH)2 hydrogenation 
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in EtOH under atmospheric pressure that gives access to numerous CL1 scaffolds in a 
preparative scale (Scheme 4.6).  
 
Scheme 4.5 — Previous approaches for conversion of CL5a to CL1. 
An advantage of our strategy over previous methods to access CL1 is that it 
proceeds with retention of the dipolarophile geometry, eliminating potential ambiguity of 
the β-β’ relative stereochemistry. For example, isolation and total synthesis of 4.29 through 
Stobbe condensation has been reported but the 1H and 13C data obtained did not match 
literature reported values.31 
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Scheme 4.6 — Synthesis of CL1 through hydrogenation of CL5a. Reagents and conditions: (1) DTAC (5 
mol %), epoxide (1 equiv.), dipolarophile (3 equiv.), PhMe, Blue LEDs, 25-30 °C, N2, 1-10 d. (2) LiAlH4 (6 
equiv.), THF, 0 to 23 °C, 1h. (3) Pd(OH)2 (10-20 mol%), EtOH or 1:1 EtOH/EtOAc, H2 (balloon), 1-7 d. (4) 
MeI (10 equiv.), NaH (5 equiv.), THF, 0 to 23 °C. (5) MsCl (3 equiv.), TEA (3 equiv.), CH2Cl2, 0 to 23 °C 
then, LiAlH4 (8 equiv.), THF, 0 °C to Δ. 
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Fortunately, (±)-dihydro-3’,4’-dimethoxy-3’,4’- demethylenedioxycubebin (4.29) 
has been reported elsewhere and our obtained spectra accorded.72 We believe the 
misinterpretation in the earlier report occurred because the Stobbe condensation route 
proceeds through a non-selective hydrogenation, furnishing both syn and anti 4.29. Thus, 
the natural product isolated therein was (±)-2,3-desmethoxy seco-isolintetralin (4.30). We 
were able to confirm this through synthesis of 4.30 using dimethyl maleate as the 
dipolarophile, which indeed accorded with their reported spectral values, leading to its 
structural revision.  
Other CL1 scaffolds that can be accessed through this sequence are (±)-
dihydrocubenin (4.31)73 and 2,3,4-trimethoxy substituted 4.32. The latter example 
showcases the tolerance of the hydrogenation to substitution in all positions on the aryl 
groups. Other notable examples include, 4-methoxy substituted trans 4.33 and cis 4.34 and 
3, 4-dimethoxy substituted (±)-secoisolariciresinol dimethyl ether (4.35)74 and 4.36, which 
were obtained in good yields over 3 steps (35-79%). The latter two examples can be further 
elaborated to other CL1 scaffolds. For example, 4.35 can be methylated to form (±)-
phyllanthin (4.37),75,76 which has been found to have promising anti-hyperalgesia effects, 
and 4.36 can be deoxygenated to access the meso compound terameprocol (4.38), which 
is, as aforementioned, currently in a clinical trial for high grade glioma.22  
With regards to reactivity, the hydrogenation was slower with more substituted aryl 
groups (1-7 d), but could be accelerated using pressurized conditions (1-2 d, 400 psi) or, in 
some cases, using a binary solvent system with EtOAc. From a practical perspective, 
careful monitoring of this reaction is required to ascertain full conversion of the material. 
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As it would be expected, an intermediate spot on the TLC appears with attendant product 
formation. This intermediate is ascribed as the triol (the benzylic ring opened alcohol) 
expected from cleavage of the tetrahydrofuran (THF) ring and further hydrogenation leads 
to CL1. If future studies are to be conducted on these substrates we recommend a revisit 
on the methodology. As shown, yields obtained varied widely across substrates; 
notwithstanding these were synthesized on a useful scale (0.1-1g). Stepwise isolation of 
each intermediate determined that the majority of the mass balance is lost in the 
hydrogenation step.  
4.6 Synthesis of Dibenzylbutyrolactones (CL2) 
 
Scheme 4.7 — Stahl oxidation of CL1 for the synthesis of CL2. 
Previously CL1 scaffolds have been oxidized to CL2 using stoichiometric 
Fétizon’s reagent or by catalytic pyrophoric ruthenium complexes.77–79 We found that the 
catalytic protocol for aerobic oxidative lactonization of diols reported by Stahl80 was 
exceedingly effective in translation of CL1 to CL2 products (Scheme 4.7). The generality 
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of this transformation is quite broad when varying the aryl oxidation patterns, as 
demonstrated by monomethoxy 4.39 and trimethoxy 4.42 as well as natural products (±)-
dimethyl matairesinol (4.40) and (±)-hinokinin (4.41), which were obtained in good to 
excellent yields (84-98%).81,82 The operational simplicity of this reaction in comparison to 
previous methods is of note and, to the best of our knowledge, represents its first use in 
synthesis of bioactive natural products.  
Further studies concerning this class of molecules could be performed on cis 
disposed CL1 scaffold. Although not tested, the mild conditions used for this 
transformation should afford cis disposed CL2. While epimerization may occur under the 
basic conditions used, we have only seen this (in published literature) to occur at high 
temperatures.25 
4.7 Synthesis of Dibenzocyclooctadienes (CL4) 
 
Scheme 4.8 — Synthesis of CL4 from CL2. 
We can access CL4 products using oxidative coupling conditions reported by 
Robin,83,84 which is demonstrated by the synthesis of (±)-steganolide A (34) from lactone 
33 in 95% yield (Scheme 4.8). Although reported as atroposelective in our hands this 
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reaction produces two atropisomers (d.r. 2:1). The selectivity was improved by serial 
recrystallization in iPrOH (30%, d.r. >20:1).  
4.8 Synthesis of Furan (CL5b) 
 
Scheme 4.9 — Synthesis of CL5b from CL1. 
Entry into CL5b from CL1 has been previously described by Ward with the use of 
2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) in acetic acid on a single substrate.73,85 This 
work was reproducible but the isolation of the desired product was tedious, requiring 
several purifications to access pure material, resulting in low yields (<10%). A solvent 
screen revealed that 2,2,2-trifluoroethanol (TFE) gave full conversion of the starting 
material and a relatively cleaner reaction profile (Scheme 4.9). With these conditions, we 
can access 4-methoxy substituted 4.44, (±)-lariciresinol dimethyl ether (4.45),86 and (±)-
dihydrosesamin (4.46)87 in modest yields (32-46%). Interestingly, we can also use an 
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unsymmetrical CL1 and gain access to pure (±)-sanshodiol methyl ether (4.47)41 in 33% 
yield and good selectivity (r.r. 4:1). The selectivity of this reaction can be reasoned by the 
lower redox potential of the 3, 4-dimethoxy aryl group and the greater hydridic nature of 
its benzylic C-H bond relative to the 3, 4 dioxole aryl group.88 
Although the use of TFE facilitates a cleaner reaction, the isolation of these 
products was still intensive at times and required some skill. For example, 4.47 was isolated 
after three successive purifications (flash chromatography  preparative TLC  
preparative TLC). We probed various catalytic oxidation approaches in an effort to control 
side reactions but these did not yield superior results. Even so, catalytic methods 
investigated are cited and this hypothesis should be revisited if a more efficient route to 
CL5b becomes of need.89–91 
We were feeling pressure to unify the CLs in a timely manner and in response a 
series of approaches to CL5b were examined in parallel. In the long run, the one 
highlighted above proved sufficient for reporting purposes; yet, interesting data was still 
gathered on different lines of attack that warrant further re-examination. For example, work 
by Albertson and Lumb (Scheme 4.10a) demonstrated that oxidative ring opening of cis 
disposed cyclobutanes (4.48) to bis-pQM follow cyclization into CL5b (4.49).44 Notably, 
these CL5b structures differ from the ones previously mentioned in that they possess a C7’ 
oxygen. There are not many natural products in this subtype that have this oxidation state, 
actually, most lack it or hold a higher oxidation level (aryl ketones).  
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Scheme 4.10 — Parallel approaches explored for synthesis of CL5b. 
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We also explored a similar approach with cis 4.50. Here, we expected that under 
acidic conditions bis-pQM formation and cyclization will lead to a molecule of the general 
structure of 4.49 (Scheme 4.10b). Under 2 M HCl (3 equiv.) in CH2Cl2 we found that after 
12 h, 4.50 undergoes full conversion to a product that has yet to be fully characterized. We 
assign this molecule, tentatively, as a mixture of diastereomer of 4.51, likely at C7’, but 
this has not been fully teased out. HRMS data verified the mass of 4.51 but the 1H NMR, 
which showed similar patterns to the expected hydrogen bond network, was clearly a 
mixture of two diastereomer. Simply, we did not have the energy to further explore this 
finding but here we describe it for a younger student. As an incentive, we have left 1-gram 
of 4.52 prepared, whose acid mediated cyclization will lead to a 4 step synthesis of a natural 
product whose total synthesis has yet to be reported.10 
We were cognizant of studies by Ward and Steel on Lewis acid activation and 
reduction of CL6 with BF3-OEt2 and Et3SiH, respectively.
92,93 These studies led us to 
propose an original approach to CL5b from CL5a (Figure 4.10c). Our hypothesis was that 
Lewis acid activation of CL5a (like 4.54) would form bis-pQM. After one 5-exo-trig 
cyclization, subsequent 5-exo-trig cyclization or hydration (if starting from trans or cis 
disposed CL5a, respectively) would be interrupted by reduction with Et3SiH. In effect this 
reaction worked well on model substrate 4.54, affording full conversion to all-trans 4.55 
as a single diastereomer (by crude NMR). Regrettably, natural products within CL5b that 
contain this relative stereochemical information can only be found with higher oxidation 
levels (like 4.49 or 4.53). Hence, this strategy would only be effective, for total synthesis 
at least, if applicable to trans CL5a, like 4.56, but unluckily no reaction was observed in 
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that scenario. Like before, with a way out in hand we became distracted with other pressing 
questions and these designs were abandoned. However, in review, this is an elegant 
strategy to enter unnatural stereochemical triads within CL5b scaffolds and may inform 
bioactivity of molecules of interest. 
To sum up, our initial solvent screen that identified TFE as a capable solvent for 
DDQ oxidation also identified HFIP as an interesting option (Scheme 4.10d). When using 
HFIP double oxidation of CL1 to CL6 is observed with good selectivity. Inspection of the 
chemical literature verified that this is a new approach to CL6 and therefore merits 
attention; especially considering that many strategies exist to access CL1 asymmetrically.  
4.9 Synthesis of Furan (CL5c) 
Scheme 4.11 — Synthesis of CL5c from CL1. 
Entrance into CL5c can be accomplished from 4.29 and 4.30 through dehydration 
under refluxing methanolic HCl to afford 4.62 (75%) and 4.61 (41%, 93 % brsm) in good 
yields (Scheme 4.11).94 These examples highlight the opportunities available for the 
stereodivergent synthesis of CLs controlled by the stereochemistry of the dipolarophile. 
4.10 Synthesis of Furan (CL5a) 
CL5a represents the greatest test for the effective use of the [3+2] dipolar 
cycloaddition, as these can be found in nature possessing all possible variations in their 
relative stereochemistry.95 We set out to access the all-cis CL5a scaffold due to their 
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known ability to promote neuronal differentiation and neurite growth.49–51 In particular, we 
targeted tetrahydrofuran 4.68 (Scheme 4.12), a reported natural product.96 
 
Scheme 4.12 —Total synthesis of a proposed CL5a natural product. Reagents and conditions: (1) DTAC 
(5 mol %), 4.20 (1 equiv.), 4.63 (2.5 equiv.), PhMe, Blue LEDs, 25-30 °C, N2, 8 d, then DDQ (1.6 equiv.), 
24h. (2) LiAlH4 (6 equiv.), THF, 0 to 23 °C. (3) Pd/C (10 mol %), 3:1 EtOH/EtOAc, H2 (balloon), 23 °C, 
48 h. 
The synthesis initiates with [3+2] dipolar cycloaddition between 4.20 and dimethyl 
acetylenedicarboxylate (DMAD) (4.63). A great advantage of these cycloadditions is that 
they are redox neutral and don’t require any additives. This makes this reaction ideal for 
one-pot processes. At the completion of this reaction DDQ is added to promote 
aromatization to furan 4.65 in 91% yield. Successive LiAlH4 reduction affords 4.66 in 84% 
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yield on a gram scale. It was found that diol 4.66 could be directly hydrogenated to 4.68 
with Pd/C under a hydrogen atmosphere, which proceeds through the intermediacy of furan 
4.67, in 48% yield (35% yield over 4 steps).97,98  
Unfortunately, the obtained 1H and 13C data of synthetic 4.68 did not match 
literature reported values. We believe this is due to missassignment of the isolated natural 
product as we are confident of the all-cis nature of 4.68 through comparison with other 
known all-cis CL5a scaffolds.99–101 Although 4.68 was ultimately not a reported natural 
product, this route represents the shortest and most efficient to date to access all cis-CL5a. 
With this route SAR studies of neuroprotective cis-CL5a is poised to undergo further 
development.  
4.11 Synthesis of Arylnapthalene and their Derivatives (CL3) 
Although previously CL1 scaffolds have been advanced to CL3 through oxidative 
reactions,84 we sought to benefit from the oxidation state already existing in 4.73 (obtained 
from [3+2]) for the synthesis of aryltetralin natural products. Inspiration for the 
transformation of 4.73 into CL3 was reported by Haworth and coworkers (Scheme 4.13a), 
where they used an acid-mediated cyclization of bislactone 4.69, which is isoelectronic 
with 4.73, to produce dihydronapthalene 4.70.32 Another notable example is the use of 
dibenzylidenesuccinates as the parent molecule to dihydronaphthalene scaffolds (not 
shown). These substrates can be synthesized from oxidative coupling of cinnamic esters37 
or through Stobbe condensation,30 and can be activated in the attendance of 
Lewis/Brønstead acids or photolysis.102–104 We were particularly interested in the 
degradation studies by Hughes and Ritchie (Scheme 4.13b), where they demonstrated that 
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galgravin (4.71), a CL5a natural product, could be reorganized to 4.72 under acidic 
conditions.105 Seemingly, both 4.70 and 4.72 arise from pQM formation, Friedels-Crafts 
alkylation, and dehydration.  
 
Scheme 4.13 —Instructive examples for conversion of CL5a to CL3. 
 359 
 
An extensive screening of Lewis and Brønstead acids, similar to that performed 
towards CL6, revealed that excess FeCl3 (5 equiv.) in CHCl3 under chilled conditions (0-
5 °C) could produce a single regioisomer 4.74, out of four possible products (assuming 
diastereoselective) (Scheme 4.13c, entry 1). Unfortunately, efforts to improve the yield of 
this reaction revealed that prolonged reaction times enhances the regioselectivity through 
a demethylation decomposition pathway — LCMS analysis identified masses of the 
desired product absent of methyl groups. A shorter reaction time afforded two regioisomers 
4.74 and 4.75 (entry 2).71 Nevertheless, this initial result helped us confirm the structure of 
4.74 and could be repeated with reproducible yields (47 %) on a preparative scale. We 
could have moved forward with 4.74 but we wanted to gain entree to 4.75, since this 
scaffold can be mapped into various natural products. To this end, further screening 
identified that HCl (1 equiv.) in HFIP could promote the desired reaction in 95% yields 
(entry 3), affording 4.74 and 4.75 as the two major products (as single diastereomers) with 
trace amounts of a regioisomer of 4.74 (C5). Although inseparable through 
chromatography, it was eventually found that these could be separated through trituration 
with Et2O or after LiAlH4 reduction and flash chromatography. With access to both 
regioisomers secured, we ensued to advance them to known aryl tetralin natural products, 
principally, galcatin (4.77) (from 4.74) and lintetralin (4.79) (from 4.75) (Scheme 4.14). 
We developed a one-pot procedure beginning with cycloaddition between 4.20 and 
4.21, followed by addition of HFIP and HCl (5 equiv.) at 0 °C, which virtually gave a 1:1 
mixture of 4.74 and 4.75 (Scheme 4.14). Flash chromatography followed by trituration 
afforded 4.74 in 42% yield and excellent selectivity (r.r. 98:2:0:0) and 4.75 in 46% yield 
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and good selectivity (r.r. 10:83:7:0). The excess acid required was needed to obtain 
complete conversion under a 24 h stir period. It is likely that the surplus of Lewis bases in 
this reaction engage HCl in unproductive equilibria. 
 
Scheme 4.14 — One-pot synthesis of 4.74 and 4.75. 
Sequential reductions of 4.74 with LiAlH4 and Pd/C under a hydrogen atmosphere, 
reduces the esters to alcohols and the endocylic alkene to the tetralin core (Scheme 4.15). 
The latter occurs on the face opposite of the C7’ aryl group. This furnishes the all-trans 
tetralin 4.76 in 63% yield over 2 steps with high selectivity (d.r. 18:1). Interestingly, the 
reduction of the alkene is also accompanied by deoxygenation of the allylic alcohol (C9). 
Although not planned, this deoxygenation was welcomed, as early attempts of a global 
deoxygenation proved cumbersome. To complete the synthesis deoxygenation of 4.76 was 
achieved through in situ activation with MsCl followed by reduction with LiAlH4, 
providing (±)-galcatin (4.77) in 5 steps in an overall 33% yield.106,107 Reduction of 4.75 
with LiAlH4 gave diol 4.78 in 73% yield as a single regioisomer after flash 
chromatography. Successive methylation (MeI) and hydrogenation with Pd/C in EtOAc 
gave (±)-lintetratlin (4.79) in 75% yield over 2 steps (45% overall yield over 5 steps).108–
110 
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Scheme 4.15 — Total synthesis of galcatin 4.77 and lintetralin 4.79. Reagents and conditions: (2a) LiAlH4 
(6 equiv.), THF, 0 °C, 1h. (3a) Pd/C (10 mol %), EtOH, H2 (balloon), 23 °C, 12 h. (4a) MsCl (1.5 equiv.), 
TEA (1.5 equiv.), THF, 0 to 23 °C, 12 h then LiAlH4 (6 equiv.), Δ, 1 h. (2b) LiAlH4 (6 equiv.), THF, 0 to 23 
°C, 1h. (3b) MeI (10 equiv.), NaH (5 equiv.), THF, 0 to 23 °C. (4b) Pd/C (10 mol %), EtOAc, H2 (balloon), 
23 °C, 12 h. 
We continued to target other CL3 derivatives with different oxidation levels, 
including (±)-pycnanthulignene B (4.81) from 4.78 (Scheme 4.16).111 Our original 
approach involved in situ global mesylation followed by LiAlH4 reduction but those efforts 
were complicated by competing olefin transportation of the allylic mesyl group and 
demesylation of the more sterically encumbered primary mesylate, affording low yields.104 
Efforts to remedy this with 2-propanesulfonate (Scheme 4.16b),112 which is known to be 
recalcitrant to reduction at sulfur, were promising; but obtained material was often isolated 
with inseparable and unidentifiable byproducts. In furtherance, a stepwise deoxygenation 
strategy was undertaken in hopes to solve the mass balance issues. Inspired by the 
enzymatic reduction of propenyl phenol acetate to propenyl phenol (Scheme 4.16c) with 
NADPH,59 we engaged 4.78 in a series of chemical allylic reductions. After some 
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experimentation, it was found that upon treatment with BF3-OEt2 for 5 minutes at -40 °C 
activation to a presumed extended, cyclic pQM (like 4.84) occurs, indicated with formation 
of a visible red color. After, Et3SiH (10 equiv.) is added dropwise and the reaction is 
allowed to warm to -20 °C. A 1 h stir period is followed with quenching at the same 
temperature. Chromatography is not needed and after work-up 4.80 is obtained in 97% 
yield. Strict temperature control was required for this transformation. Under warmer 
temperatures decompositions of 4.78 was predominantly observed.  
 
Scheme 4.16 — Total synthesis of pycnanthulignene B (4.81). Reagents and conditions: (1) BF3-OEt2 (4 
equiv.), Et3SiH (10 equiv.), CH2Cl2, -40 to -20 °C, 1h. (2) MsCl (2 equiv.), TEA (2 equiv.), CH2Cl2, 0 to 23 
°C, 1 h. (3) NaI (10 equiv.), Zn (3 equiv.), DME, Δ, 4 h.  
 Deletion of primary alcohol 4.80 required a change in mechanism to combat 
selectivity issues encounter under a 2 e- paradigm. We found that in situ Finkelstein 
reaction with NaI and SET reduction with Zn of the mesylated 4.80 delivered (±)-
pycnanthulignene B (4.81) in 73% yield absent of pesky byproducts.113 The developed 
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allylic reduction is of note and may serve as a useful reaction in the differentiation of the 
CL3 skeleton to access other natural products of interest.  
 
Scheme 4.17 — Total synthesis of pycnanthulignene C (4.89). Reagents and conditions: (1) DTAC (5 mol 
%), 4.86 (1 equiv.), 4.63 (3 equiv.), CHCl3, Blue LEDs, 25-30 °C, N2, 48 h, then HCl (5 equiv.), 3:1 
HFIP/CHCl3, 10°C, 24 h. (2) LiAlH4 (6 equiv.), THF, 0 to 23 °C, 1h. (3) Pd/C (10 mol%), EtOAc, H2, 23 
°C, 20 min. 
With blueprints established for synthesis of aryltetralin and dihydronaphthalene, 
we turned our attention toward the synthesis of arylnapthalene (Scheme 4.17). Previous 
work has shown that dihydronaphthalene can be oxidized to arylnapthalene,102 but we 
sought to display the modularity of the [3+2] dipolar cycloaddition by bringing an 
additional oxidation level in the cycloaddition phase. In this regard, epoxide 4.86 was 
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trapped with DMAD (4.63), generating 2,5 dihydrofuran 4.87. Sequential addition of HFIP 
and HCl (5 equiv.) in the same flask under cool conditions (10 °C), elicits rearrangement 
of 4.87 into naphthalene scaffold 4.88. This progression occurs in 95% yield and excellent 
selectivity (r.r. >20:1 (C5) at 10 °C vs. r.r. 4:1 at 23 °C), precluding the need of external 
oxidants. LiAlH4 reduction and hydrogenation (Pd/C), only in EtOAc, of the resulting diols 
produced pycnanthulignene C (4.89) in 4 steps in 88% overall yield.111,114 In the presence 
of EtOH it was found that 4.90 gets quantitatively reduced by 3 equivalence of H2 to afford 
1,3 dioxole 4.91. To the best of our knowledge, this is the first example of the 
rearrangement of 2, 5-dihydrofurans into CL3 arylnapthalene scaffolds.  
4.12 Application to the Synthesis of Heterolignans 
 
Scheme 4.18 — Metabolism studies on CL6 and CL3 natural products. 
To demonstrate an additional application of this unified synthetic platform, we 
sought to synthesize CLs bearing unnatural functionality. This is particularly difficult for 
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most synthetic strategies since they rely on native reactivity of electron-rich aryl groups to 
access key intermediates. Pinerosinol (4.92) and isolaricerisinol (4.94) are two CLs that 
have shown promising biological activities but both have also been revealed to be 
metabolically unstable to human fecal microflora, affording enterolactone (4.93) and 
metabolite (4.95), respectively (Scheme 4.18).115 The microbiota found in human feces is 
descriptive of the biological environment CLs would experience in a human gut. Thus, 
metabolic studies of this custom can inform metabolism pathways of CLs in vivo. A 
reasonable modification to improve the poor metabolic stability of CL6 or CL3 would be 
replacement of oxygen appendages on the aryl groups with fluorine.116 
 
Scheme 4.19 — Fluorinated analogues of CL6 and CL3. Reagents and conditions: (1) MD(p-tol)PT (5 mol 
%), 62 (1 equiv.), 8 (1.2 equiv.), MeCN, Blue LEDs, 25-30 °C, N2, 12 h. (2) LiAlH4 (6 equiv.), THF, 0 to 
23 °C, 1 h. (3) TMSOTf (20 mol %), HFIP, 40 °C, 24 h. (4) TMSOTf (20 mol %), HFIP, 80 °C, 24 h. 
To this end, from epoxide 4.96 (Scheme 4.19) we can generate carbonyl ylides 
using MD(p-tol)PT (4.97) as the catalyst, and trap them with dimethyl fumarate (4.21) to 
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afford 4.98 in 86% yield as a mixture of inconsequential diastereomers (d.r. 6:2:1). LiAlH4 
reduction and TMSOTf (20 mol%) catalyzed cyclization in HFIP provides 4.100 in 76% 
yield over 2 steps. Although not selective (d.r. 53:41:6), the two major compounds can be 
straightforwardly separated providing two new, heretofore unknown analogues of the 
furofuran scaffold. Lastly, from 4.98 under similar acidic conditions but with elevated 
temperatures, we can induce rearrangement to form 4.99 in 52% yield and excellent 
selectivity (d.r. >20:1). These cases exemplify the modularity of our strategy to access CLs 
and demonstrate how our synthetic blueprints are suited to access natural product scaffolds 
possessing unnatural functionality. In practice, the developed cyclization conditions were 
not the topic of intense scrutiny and more thoughtful experimentation may lead to a recipe 
that can furnish libraries of these and other unnatural CLs.  
4.13 Concluding Thoughts and Prospects  
The unification of CLs under a set of well-defined chemical reactions has been 
presented. The most salient feature of our approach is our ability to bring forward the 
complete carbon skeleton found in all CLs in a single chemical operation or two steps from 
commercially available starting materials. An additional aspect that set us apart from other 
approaches is the catalysis: generating electronically diverse carbonyl ylides facilitates the 
synthesis of heterolignans which consequently can inform bioactivity. 
Like mentioned in the background section of this chapter, CLs are a family of 
molecule that has been systematically studied and therefore numerous efficient approaches 
into each CL subtype exist. How does our platform fair in comparison to published 
approaches? Overall, in some cases like CL6,41 we equal the step count but in other cases, 
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like CL3,107 we provide more efficient routes. Yet, we believe our approach is far superior 
in design and divergence. In principal, all subtypes are accessible from common building 
blocks and segmentation of CL5a enables SAR studies around the most prominent 
structural features found in all CLs.  
Conceptually this latter point is true but in actuality this is currently only possible 
to a certain extent. The [3+2] dipolar cycloaddition requires at least one symmetrical 
component (typically the dipolarophile), to obtain a manageable distribution of products. 
If a CL natural product were of interest that contained differentiated aryl groups and 
pendant alcohols our approach would fail to deliver such molecule. As such, amendments 
to our blueprints that are required to access all possible CL natural products and for them 
to be of broader interest are two-fold: (1) expansions of [3+2] dipolar cycloaddition to 
unsymmetrical carbonyl ylides and dipolarophiles and (2) development of an asymmetric 
cycloaddition. Proposals for these goals will be described in Chapter 5.  
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4.14 Experimental 
4.14.1 General Information 
1H NMR and 13C NMR spectra were recorded at ambient temperature on a Varian 
Agilent-500 MHz VNMRS (500 and 126 MHz, respectively), and are internally referenced 
to the residual protio solvent signal (CDCl3: δ 7.26 and 77.0 ppm). Data for 1H NMR are 
reported as follows: chemical shift, integration, multiplicity (brs = broad singlet, s = singlet, 
d = doublet, t = triplet, q = quartet, m = multiplet, overlap = overlapping peaks) and 
coupling constants in Hz. Data for 13C NMR are reported in terms of chemical shift and 
overlapping carbons are noted by an underline. High-resolution mass spectra was obtained 
in the Boston University Chemical Instrumentation Center using a Waters Q-TOF APIUS 
mass spectrometer. Commercial reagents were purified prior to use following the 
guidelines of Chai and Armarego.1 All solvents were purified according to the method of 
Grubbs.2 Organic solutions were concentrated under reduced pressure on a Büchi rotary 
evaporaor using a water bath. Chromatographic purification of products was accomplished 
by flash chromatography on Silicycle F60 silica gel or Sorbtech neutral alumina 32-63 μm 
according to the method of Still.3 All reactions were carried out in well ventilated fume 
hoods. Reaction were monitored by thin-layer chromatography (TLC) using Silicycle 250 
μm silica gel plates or Sorbtech neutral alumina 250 μm. Visualization of the developed 
chromatogram was performed by irradiation with a 254 nm Ultra-Violet (UV) light or 
treatment with aqueous potassium permanganate (KMnO4) or ethanolic phosphomolybdic 
acid (PMA) followed by heating. Yields refer to purified compounds unless otherwise 
noted. Diastereoelectivity and regiochemical selectivity for reactions were determined by 
crude 1H NMR prior to purification. 
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4.14.2 Synthetic Procedures 
 
Synthesis of 4.98: A flame dried 10-mL scintillation vial with a magnetic stirring 
bar was charged with 4.95 (697 mg, 3 mmol, 1 equiv.), 4.21 (519 mg, 3.6 mmol, 1.2 equiv.), 
and MD(p-tol)PT (4.97) (70 mg, 0.15 mmol, 0.05 equiv.). The vial was sealed, placed 
under a N2 atmosphere, and degassed MeCN (6 mL, [0.5 M]) was added via syringe. The 
resultant mixture was placed under stirring and irradiated with blue LEDs until full 
consumption of 4.95 was observed by TLC. At the completion of the reaction, the resultant 
mixture was concentrated in vacuo and purified via flash chromatography.  
 
Reaction Time: 12 h 
Scale: 3 mmol 
Flash Chromatography: 4:1  1:1 Hex/EtOAc 
TLC: Rf= 0.5 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 86% (970 mg) 
Physical state: off-orange solid 
d.r. 6:2:1 
Major:  
1H NMR (500 MHz, Chloroform-d) δ 7.59 (dd, J = 8.5, 5.5 Hz, 2H), 7.37 (dd, J = 8.5, 5.5 
Hz, 2H), 7.10 (t, J = 8.7 Hz, 2H), 7.04 (t, J = 8.6 Hz, 2H), 5.32 (d, J = 8.2 Hz, 1H), 5.05 
(d, J = 8.5 Hz, 1H), 3.80 (dd, J = 8.3, 5.8 Hz, 1H), 3.71 (s, 3H), 3.67 (dd, J = 8.5, 5.8 Hz, 
1H), 3.21 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 172.32, 171.62, 163.95, 163.69, 161.99, 161.72, 
135.00, 134.98, 132.89, 132.86, 128.93, 128.86, 128.40, 128.34, 115.73, 115.56, 115.26, 
115.09, 83.15, 82.17, 54.98, 54.62, 52.58, 51.90. 
 
Middle:  
1H NMR (500 MHz, Chloroform-d) δ 7.32 (dd, J = 8.6, 5.5 Hz, 4H), 7.04 (dd, J = 8.6, 5.5 
Hz, 4H), 5.90 (AB, J = 6.4 Hz, 2H), 3.92 (AB, J = 6.4 Hz, 2H), 3.30 (s, 6H). 
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13C NMR (126 MHz, Chloroform-d) δ 170.76, 163.58, 161.62, 134.71, 134.69, 127.95, 
127.88, 115.34, 115.17, 82.60, 52.62, 51.92. 
 
Minor:  
1H NMR (500 MHz, Chloroform-d) δ 7.42 (dd, J = 8.5, 5.5 Hz, 4H), 7.04 (dd, J = 8.5, 5.5 
Hz, 4H), 5.38 (AB, J = 5.7, 2.5 Hz, 2H), 3.71 (s, 6H), 3.60 (AB, J = 5.7, 2.5 Hz, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 171.41, 163.74, 161.78, 135.94, 135.92, 127.94, 
127.87, 115.78, 115.61, 82.76, 56.75, 52.69. 
HRMS-ESI (m/z): calculated C20H18F2O5 + Na
+: 399.1020 found 399.1011. 
 
 
Synthesis of 4.15: A 100-mL round bottom flask with a magnetic stirring bar was 
charged with compound 4.73 (1.2 g, 2.7 mmol, 1 equiv.) and THF (54 mL, [0.05 M]). The 
stirred reaction was cooled to 0 °C (water/ice bath) and LiAlH4 (615 mg, 16.2 mmol, 6 
equiv.) was added in one portion. The reaction was left to warm to room temperature and 
after a 1 h stir period it was cooled to 0 °C and quenched by dropwise addition of acetone. 
Thereafter, saturated solution of Rochelle’s salt (50 mL) was added and the reaction was 
left to stir until the gray solution became clear. The resultant mixture was introduced into 
a separatory funnel and extracted with Et2O (3x50 mL). The combined organic fractions 
were dried over MgSO4 and reduced in vacuo. The resultant material was dried under high 
vacuum and was used without any further purification.  
 
Reaction Time: 1 h 
Flash Chromatography: 1:1  4:1 EtOAc/Hex (optional)  
TLC: Rf= 0.5 in 4:1 EtOAc/Hex, Stain: PMA (color: green) 
% yield: 95% (996 mg) 
Physical state: fluffy off-white solid (hygroscopic)  
d.r. 3:3:2:1  
Major 1 + Major 2: 
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1H NMR (500 MHz, Chloroform-d) δ 7.06 – 6.67 (overlap, 12H), 5.94 (overlap, 4H), 5.08 
(overlap, 2H), 4.70 (overlap, 2H), 4.45 (overlap, 3H), 3.87 (s, 6 H), 3.86 (s, 6 H), 3.70 
(overlap, 2H), 3.54 (overlap, 2H), 3.30 (overlap, 2H), 3.09 (overlap, 2H), 2.60 – 2.47 
(overlap, 2H), 2.32 – 2.15 (overlap, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 149.21, 149.11, 148.90, 148.59, 148.09, 147.76, 
147.61, 147.15, 134.07, 132.94, 132.48, 131.44, 120.52, 119.91, 119.23, 118.81, 111.28, 
111.09, 110.15, 109.83, 108.29, 108.16, 107.11, 107.03, 101.23, 101.18, 82.64, 81.31, 
81.27, 63.75, 63.01, 62.93, 56.05, 56.05, 56.02, 56.00, 55.34, 55.21, 51.04, 50.88. 
 
Middle:  
1H NMR (500 MHz, Chloroform-d) δ 7.06 – 6.67 (overlap, 6H), 5.95 (s, 2H), 5.46 (dd, J 
= 7.1, 4.3 Hz, 2H), 3.89 (s, 3H), 3.86 (s, 3H), 3.46 (ddd, J = 11.1, 3.7, 2.4 Hz, 2H), 3.00 
(td, J = 11.1, 8.2 Hz, 2H), 2.71 – 2.61 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 148.92, 148.55, 147.84, 147.08, 134.50, 132.99, 
119.46, 118.48, 111.09, 109.53, 108.15, 106.79, 101.23, 82.76, 82.69, 62.72, 62.69, 56.06, 
56.02, 49.26, 49.19. 
 
Minor:  
1H NMR (500 MHz, Chloroform-d) δ 7.06 – 6.67 (overlap, 6H), 5.93 (s, 2H), 4.70 (t, J = 
9.2 Hz, 2H), 3.87 (s, 3H), 3.87 (s, 3H), 3.74-3.67 (overlap, 2H), 3.60 – 3.53 (overlap, 2H), 
2.32 – 2.15 (overlap, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 149.28, 148.96, 147.84, 147.42, 135.75, 133.94, 
119.98, 118.93, 111.11, 109.49, 108.18, 106.69, 101.19, 83.36, 83.23, 62.88, 62.84, 57.32, 
56.97, 56.02, 56.00. 
HRMS-ESI (m/z): calculated C21H24O7 + Na
+: 411.1420 found 411.1429. 
 
 
Synthesis of (±)-methyl piperitol (4.16)4: A 10-mL scintillation vial with a 
magnetic stirring bar was charged with 4.15 (117 mg, 0.3 mmol, 1 equiv.) and CHCl3 (6 
mL, [0.05 M]). To the stirred reaction was added [2 M] HCl in Et2O (450 μL, 0.9 mmol, 3 
equiv.) dropwise, at which point the reaction turned from clear to light yellow. The reaction 
was left to stir for a 48 h period and quenched by dropwise addition of saturated NaHCO3 
(3 mL). The resultant solution was introduced into a separatory funnel with the assistance 
of DCM and the mixture was washed with saturated NaHCO3, brine, and dried over 
MgSO4. The resultant solution was reduced in vacuo and further purified through flash 
chromatography. For the additional cycle, the reaction was performed as described above 
with the recovered starting material. 
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Reaction Time: 48 h 
Flash Chromatography: 1:1 Hex/Et2O  
TLC: Rf= 0.3 in 1:1 Hex/Et2O, Stain: PMA (color: green) 
% yield: [cycle 1] 40% (44 mg), 58% r.s.m. (68 mg)  [cycle 2] 30% (20 mg), 60% r.s.m. 
(41 mg)  
Physical state: clear oil 
d.r. >10:1 (cycle 1); >20:1 (cycle 2)  
1H NMR (500 MHz, Chloroform-d) δ 6.90 (d, J = 1.6 Hz, 1H), 6.89 – 6.83 (overlap, 3H), 
6.81 (dd, J = 8.1, 1.3 Hz, 1H), 6.78 (d, J = 8.1 Hz, 1H), 5.95 (s, 2H), 4.74 (t, J = 5.1 Hz, 
2H), 4.25 (dt, J = 9.0, 6.6 Hz, 2H), 3.90 (s, 3H), 3.89 – 3.85 (overlap, 2H), 3.88 (s, 3H), 
3.09 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 149.30, 148.73, 148.09, 147.22, 135.19, 133.59, 
119.49, 118.38, 111.11, 109.28, 108.32, 106.63, 101.21, 85.95, 85.89, 71.88, 71.80, 56.08, 
56.04, 54.45, 54.28. 
HRMS-ESI (m/z): calculated C21H22O6 + Na
+: 393.1314 found 393.1327. 
 
 
Epimerization study on (±)-methyl piperitol (4.16): A 1-mL scintillation vial with 
a magnetic stirring bar was charged with 4.16 (10 mg, 0.026 mmol, 1 equiv.) and dissolved 
in CDCl3 (540 μL, [0.05 M]). To the stirred reaction was added [2 M] HCl in Et2O (40 μL, 
0.08 mmol, 3 equiv.) dropwise, at which point the reaction turned from clear to light 
yellow. The reaction was left to stir for 24 h and then transferred into an NMR tube. 1H 
NMR analysis showed epimerization of 4.16 into its C7 and C7’ epimer respectively (d.r. 
100:0(C7):0(C7’)  82:15(C7):03(C7’)).  
 
General Procedure for the Synthesis of Dibenzylbutanes (CL1) from CL5a scaffolds: 
 
 
A 100-mL round bottom flask with a magnetic stirring bar was charged with diester 
(1 equiv.) and THF ([0.05 M]). The stirred reaction was cooled to 0 °C (ice/water bath) and 
LiAlH4 (6 equiv.) was added in one portion. The reaction was left to warm to room 
temperature and stirred for 30 min. Once full consumption of diester was obtained by TLC 
(1:1 Hex/EtOAc), the reaction was cooled to 0 °C, diluted with Et2O, and quenched by 
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dropwise addition of acetone. Thereafter, saturated solution of Rochelle’s salt was added 
and the reaction was left to stir until the gray solution turned clear. The resultant mixture 
was introduced into a separatory funnel and extracted with Et2O (3x50 mL). The combined 
organic fractions were dried over MgSO4 and reduced in vacuo. The resultant diol was 
used without further purification. 
A 50-mL round bottom flask with a magnetic stirring bar was charged with diols, 
solvent (EtOH [0.5 M] or 1:1 EtOH/EtOAc [0.5-0.2 M]), and 20% wt. Pd(OH)2 (10 mol 
%, assuming quantitative conversion). The reaction vessel was sealed, stirred, and adapted 
with an H2 balloon every 12 h until full consumption of the diols was observed by TLC 
(3:1 EtOAc/Hex). At the completion of the reaction the mixture was passed through a celite 
pad with the assistance of EtOAc and the collected organic solution was concentrated in 
vacuo and further purified by flash chromatography. Faster reaction times can be obtained 
by running the reaction under pressurized conditions (400 psi), but the results presented 
here reflect the yields obtained using a balloon with H2.  
 
Synthesis of 4.33: 
 
Conditions: 1:1 EtOH/EtOAc [0.2 M] 
Scale: 2.32 mmol 
Reaction Time: 1h + 48 h 
Flash Chromatography: 1:1 Hex/EtOAc 
TLC: Rf= 0.2 in 1:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 85 % (653 mg) 2-steps or 79% 3-steps 
Physical state: white solid 
1H NMR (500 MHz, Chloroform-d) δ 7.07 (d, J = 8.6 Hz, 4H), 6.81 (d, J = 8.6 Hz, 4H), 
3.83-3.74 (overlap, 8H), 3.49 (dd, J = 11.4, 4.2 Hz, 2H), 2.77 (dd, J = 13.8, 8.7 Hz, 2H), 
2.66 (dd, J = 13.8, 5.7 Hz, 2H), 1.94 – 1.80 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 157.96, 132.73, 130.04, 113.91, 60.46, 55.39, 
44.42, 35.37. 
HRMS-ESI (m/z): calculated C20H26O4 + Na
+: 353.1729 found 353.1725.  
 
Synthesis of 4.34:  
 
Conditions: EtOH [0.5 M] 
Scale: 0.5 mmol  
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Reaction Time: 1h + 48 h 
Flash Chromatography: 1:1 Hex/EtOAc 
TLC: Rf= 0.2 in 1:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 48% (79 mg) 2-steps or 45% 3-steps 
Physical state: clear oil 
1H NMR (500 MHz, Chloroform-d) δ 7.10 (d, J = 8.6 Hz, 4H), 6.83 (d, J = 8.7 Hz, 4H), 
3.79 (s, 6H), 3.58 (dd, J = 11.1, 7.0 Hz, 2H), 3.49 (dd, J = 11.1, 2.9 Hz, 2H), 2.72 – 2.55 
(m, 4H), 2.00 (td, J = 10.9, 9.6, 4.5 Hz, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 158.04, 132.57, 130.07, 113.99, 63.27, 55.40, 
45.47, 32.98. 
HRMS-ESI (m/z): calculated C20H26O4 + Na
+: 353.1729 found 353.1724.  
 
Synthesis of (±)-secoisolariciresinol dimethyl ether (4.35)5: 
 
Conditions: EtOH [0.5 M] 
Scale: 2.71 mmol  
Reaction Time: 1h + 6d 
Flash Chromatography: 1:1 Hex/EtOAc +1% MeOH 1:2 Hex/EtOAc + 1% MeOH 
TLC: Rf= 0.2 in 1:1 Hex/EtOAc + 1% MeOH, Stain: PMA (color: green) 
% yield: 58% (618 mg) 2-steps or 57 % 3-steps 
Physical state: white solid 
1H NMR (500 MHz, Chloroform-d) δ 6.77 (d, J = 8.1 Hz, 2H), 6.68 (d, J = 8.1 Hz, 2H), 
6.65 (s, 2H), 3.85 (s, 6H), 3.82 (s, 6H), 3.63 – 3.47 (m, 2H), 3.00 (brs, 2H), 2.78 (dd, J = 
13.4, 8.3 Hz, 2H), 2.68 (dd, J = 13.4, 6.0 Hz, 2H), 1.99 – 1.79 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 148.96, 147.41, 133.24, 121.11, 112.25, 111.23, 
60.80, 56.04, 55.97, 44.06, 35.95. 
HRMS-ESI (m/z): calculated C22H30O6 + Na
+: 413.1940 found 413.1937.  
 
Synthesis of 4.36:  
 
Conditions: EtOH [0.5 M] 
Scale: 1.22 mmol  
Reaction Time: 1h + 6d 
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Flash Chromatography: 1:1 Hex/EtOAc +1% MeOH 1:2 Hex/EtOAc + 1% MeOH 
TLC: Rf= 0.2 in 1:1 Hex/EtOAc + 1% MeOH, Stain: PMA (color: green) 
% yield: 40% (190 mg) 2-steps or 35% 3-steps 
Physical state: clear oil 
1H NMR (500 MHz, Chloroform-d) δ 6.78 (d, J = 8.1 Hz, 2H), 6.73 (dd, J = 8.1, 1.9 Hz, 
2H), 6.68 (d, J = 1.9 Hz, 2H), 3.85 (s, 6H), 3.84 (s, 6H), 3.61 (dd, J = 11.1, 6.9 Hz, 2H), 
3.52 (dd, J = 11.0, 2.9 Hz, 2H), 3.16 (s, 2H), 2.68 (dd, J = 13.7, 9.2 Hz, 2H), 2.61 (dd, J = 
13.7, 6.2 Hz, 2H), 2.11 – 1.97 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 149.07, 147.52, 133.09, 121.10, 112.30, 111.32, 
63.43, 56.06, 55.98, 45.15, 33.46. 
HRMS-ESI (m/z): calculated C22H30O6 + Na
+: 413.1940 found 413.1950.  
 
Synthesis of (±)-dihydrocubenin (4.31)6:  
 
Conditions: 1:1 EtOH/EtOAc [0.5 M], Pd (OH)2 (20 mol %) 
Scale: 1.22 mmol  
Reaction Time: 1h + 6d 
Flash Chromatography: 1:1 Hex/EtOAc 
TLC: Rf= 0.3 in 1:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 40% (405 mg) 2-steps or 39% 3-steps 
Physical state: off-white solid 
1H NMR (500 MHz, Chloroform-d) δ 6.71 (d, J = 7.9 Hz, 2H), 6.64 (d, J = 1.4 Hz, 2H), 
6.60 (dd, J = 7.9, 1.4 Hz, 2H), 5.92 (s, 4H), 3.78 (dd, J = 11.4, 1.9 Hz, 2H), 3.50 (dd, J = 
11.4, 4.2 Hz, 2H), 3.07 (s, 2H), 2.75 (dd, J = 13.8, 8.6 Hz, 2H), 2.61 (dd, J = 13.8, 5.8 
Hz, 2H), 1.91 – 1.78 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 147.72, 145.86, 134.45, 121.99, 109.45, 108.25, 
100.93, 60.37, 44.43, 36.06. 
HRMS-ESI (m/z): calculated C22H30O6 + H
+: 359.1495 found 359.1483.  
 
Synthesis of 4.32: 
 
Conditions: 1:1 EtOH/EtOAc [0.2 M]  
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Scale: 2.81 mmol  
Reaction Time: 1h + 2d 
Flash Chromatography: 1:1 Hex/EtOAc + 1 % MeOH 
TLC: Rf= 0.2 in 1:1 Hex/EtOAc + 1 % MeOH, Stain: PMA (color: green) 
% yield: 52% (659 mg) 2-steps or 49% 3-steps 
Physical state: clear oil 
1H NMR (500 MHz, Chloroform-d) δ 6.82 (d, J = 8.5 Hz, 2H), 6.61 (d, J = 8.5 Hz, 2H), 
3.88 (s, 6H), 3.86 (s, 6H), 3.84 (s, 6H), 3.77 (d, J = 12.0 Hz, 2H), 3.42 (dd, J = 12.2, 4.0 
Hz, 2H), 3.08 (bs, 2H), 2.79 (dd, J = 13.3, 9.8 Hz, 2H), 2.59 (dd, J = 13.4, 4.7 Hz, 2H), 
1.90 – 1.71 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 152.26, 151.82, 142.18, 126.57, 125.02, 107.73, 
61.33, 60.95, 60.01, 56.14, 45.14, 30.05. 
HRMS-ESI (m/z): calculated C24H34O8 + Na
+: 473.2151 found 473.2136.  
 
Synthesis of (±)-dihydro-3’,4’-dimethoxy-3’4’-demethylenedioxycubebin (4.29)7:  
 
Conditions: EtOH [0.5 M]  
Scale: 2.85 mmol  
Reaction Time: 1h + 6d or 48 h (400 psi)  
Flash Chromatography: 4:1 Hex/EtOAc  1:1 Hex/EtOAc 
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 50% (535 mg) 2-steps or 48% 3-steps 
Physical state: clear oil 
1H NMR (500 MHz, Chloroform-d) δ 6.77 (d, J = 8.0 Hz, 1H), 6.72 – 6.66 (m, 2H), 6.64 
(dd, J = 12.1, 1.5 Hz, 2H), 6.59 (dd, J = 8.0, 1.5 Hz, 1H), 5.94 – 5.88 (m, 2H), 3.85 (s, 
3H), 3.83 (s, 3H), 3.79 (dt, J = 11.3, 2.5 Hz, 2H), 3.51 (dt, J = 11.3, 4.4 Hz, 2H), 3.46 
(broad, 2H), 2.76 (dt, J = 13.7, 9.4 Hz, 2H), 2.64 (dt, J = 13.7, 11.0 Hz, 2H), 1.86 (m, 
2H). 
13C NMR (126 MHz, Chloroform-d) δ 148.93, 147.69, 147.37, 145.82, 134.47, 133.19, 
121.98, 121.12, 112.16, 111.21, 109.43, 108.20, 100.92, 60.53, 60.39, 56.01, 55.92, 
44.23, 44.10, 36.03, 35.91. 
HRMS-ESI (m/z): calculated C21H26O6 + Na
+: 397.1627 found 397.1622. 
 
Synthesis of (±)-2,3-desmethoxy-isolintetralin (4.30)8:  
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Conditions: EtOH [0.5 M]  
Scale: 2.47 mmol  
Reaction Time: 1h + 6d   
Flash Chromatography: 1:1  2:1 EtOAc/Hex 
TLC: Rf= 0.3 in 2:1 EtOAc/Hex, Stain: PMA (color: green) 
% yield: 41% (380 mg) 2-steps or 36% 3-steps 
Physical state: clear oil 
1H NMR (500 MHz, Chloroform-d) δ 6.79 (d, J = 8.1 Hz, 1H), 6.72 (d, J = 7.8 Hz, 2H), 
6.68 (s, 2H), 6.64 (d, J = 7.9 Hz, 1H), 5.92 (s, 2H), 3.85 (s, 3H), 3.85 (s, 3H), 3.59 (dt, J 
= 10.8, 7.5 Hz, 2H), 3.50 (d, J = 10.9 Hz, 2H), 2.91 (s, 2H), 2.66 (ddd, J = 13.3, 9.3, 4.0 
Hz, 2H), 2.58 (dt, J = 13.2, 6.1 Hz, 2H), 2.08 – 1.95 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 149.01, 147.82, 147.46, 145.96, 134.29, 133.07, 
122.02, 121.11, 112.16, 111.28, 109.43, 108.28, 100.98, 63.36, 63.28, 56.04, 55.93, 
45.35, 45.21, 33.64, 33.36. 
HRMS-ESI (m/z): calculated C21H26O6 + Na
+: 397.1627 found 397.1626. 
 
 
Synthesis of (±)-phyllanthin (4.37)9: A 10-mL scintillation vial with a magnetic 
stirring bar was charged with 4.35 (40 mg, 0.1 mmol, 1 equiv.) and THF (4 mL, [0.025 
M]). The stirred reaction was cooled to 0 °C (ice/water bath) and NaH (22 mg, 0.5 mmol, 
5 equiv.) was added in one portion. The reaction was stirred for 5 minutes and MeI (63 μL, 
1 mmol, 10 equiv.) was added dropwise. The reaction was left to warm to room temperature 
(23 °C) and left to stir for a 12 h period. At the end of the stir period the reaction was 
quenched via dropwise addition of water until gas evolution seized. The resultant mixture 
was introduced into a separatory funnel with the assistance of Et2O and further washed 
with water. The water layer was extracted twice with Et2O (2x10 mL) and the combined 
organic layers were dried over MgSO4. The organic layer was reduced in vacuo and further 
dried under high vacuum. The resultant solid was characterized without any further 
purification. 
 
Reaction Time: 12 h 
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Flash Chromatography: 2:1 EtOAc/Hex (optional)  
TLC: Rf= 0.2 in 2:1 Hex/EtOAc, Stain: PMA (color:green) 
% yield: 99 % (41 mg) 
Physical state: off-white solid 
1H NMR (500 MHz, Chloroform-d) δ 6.75 (d, J = 8.1 Hz, 2H), 6.64 (dd, J = 8.1, 2.0 Hz, 
2H), 6.61 (d, J = 1.9 Hz, 2H), 3.85 (s, 6H), 3.80 (s, 6H), 3.40 – 3.22 (overlap, 10H), 2.65 
(qd, J = 13.7, 7.1 Hz, 4H), 2.09 – 1.97 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 148.78, 147.18, 133.69, 121.16, 112.24, 111.03, 
72.70, 58.86, 55.98, 55.83, 40.83, 35.05. 
HRMS-ESI (m/z): calculated C24H34O6 + Na
+: 441.2253 found 441.2268. 
 
 
 
Synthesis of terameprocol (4.38)10: A 50-mL round bottom flask with a magnetic 
stirring bar was charged with 4.36 (140 mg, 0.36 mmol, 1 equiv.) and DCM (7.2 mL, [0.05 
M]). The stirred reaction was cooled to 0 °C (ice/water bath) and triethylamine (TEA) (154 
μL, 1.1 mmol, 3 equiv.) and methanesulfonyl chloride (MsCl) (86 μL, 1.1 mmol, 3 equiv.) 
were added dropwise. The reaction was stirred for 2 h or until TLC analysis (1:1 
Hex/EtOAc) showed full consumption of 4.36. The mixture was reduced in vacuo and re-
dissolved in THF (14.4 mL, [0.025 M]). The resultant heterogeneous solution was cooled 
to 0 °C and LiAlH4 (110 mg, 2.88 mmol, 8 equiv.) was added in small portions. The mixture 
was warmed to room temperature and refluxed in an oil bath. The reaction was refluxed 
for 1 h, cooled to room temperature, and then cooled to 0 °C. The reaction was quenched 
by dropwise addition of acetone. Thereafter, saturated solution of Rochelle’s salt (30 mL) 
was added and the reaction was left to stir until the gray solution became clear. The reaction 
mixture was introduced into a separatory funnel and extracted thrice with Et2O. The 
combined organic fractions were dried over MgSO4 and reduced in vacuo. The resultant 
material was dried under high vacuum and was used without any further purification. 
 
Reaction Time: 2 h + 1 h 
Flash Chromatography: 4:1 Hex/EtOAc 
TLC: Rf= 0.3 in 4:1 Hex/EtOAc, Stain: PMA (color:green) 
% yield: 91 % (117 mg) 
Physical state: off-white solid 
1H NMR (500 MHz, Chloroform-d) δ 6.78 (d, J = 8.1 Hz, 2H), 6.70 (dd, J = 8.1, 1.9 Hz, 
2H), 6.65 (d, J = 1.9 Hz, 2H), 3.86 (s, 6H), 3.85 (s, 6H), 2.75 (dd, J = 13.4, 5.0 Hz, 2H), 
2.30 (dd, J = 13.5, 9.3 Hz, 2H), 1.84 – 1.71 (m, 2H), 0.85 (d, J = 6.6 Hz, 6H). 
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13C NMR (126 MHz, Chloroform-d) δ 148.86, 147.20, 134.60, 121.07, 112.40, 111.15, 
56.05, 55.94, 39.33, 38.98, 16.37. 
HRMS-ESI (m/z): calculated C22H30O4 + Na
+: 381.2042 found 381.2047. 
 
General Procedure for Conversion of Dibenzylbutanes (CL1) to 
Dibenzylbutyrolactones (CL2):11 
 
 
A 10-mL scintillation vial with a stirring bar was charged with Cu(MeCN)4OTf 
(0.05 equiv.), 2.2’-bpy (0.05 equiv.) and MeCN (1 part of 3, [0.2 M] total volume based 
on diol). This mixture was left to stir for 5 minutes to prepare the (bpy)CuOTf in situ. On 
a separate 10-mL vial with a stirring bar the diol (1 equiv.) was added and dissolved in 
MeCN (2 parts of 3). To this stirred solution, the (bpy)CuOTf solution prepared previously 
was added dropwise ([0.2 M] total). After a 5 minute stir period ABNO (0.01 equiv., from 
a 1 mg/mL solution in MeCN) and NMI (0.1 equiv.) were added to the reaction mixture in 
that order. The reaction which commenced as a burgundy solution turned green after a 12 
h stirring period at which point it was reduced in vacuo. The resultant residue was dissolved 
in DCM and washed with water. The water layer was extracted twice with DCM and the 
combined organic fractions were dried over MgSO4. The resultant solution was reduced in 
vacuo and further purified by flash chromatography.  
 
Synthesis of 4.39:  
 
 
Conditions: 0.5 mL of DMF was added in addition to MeCN.   
Scale: 0.3 mmol  
Reaction Time: 12 h 
Flash Chromatography: 4:1 Hex/EtOAc  2:1 Hex/EtOAc 
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 94% (92 mg) 
Physical state: clear oil 
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1H NMR (500 MHz, Chloroform-d) δ 7.08 (d, J = 8.6 Hz, 2H), 6.92 (d, J = 8.6 Hz, 2H), 
6.83 (d, J = 8.6 Hz, 2H), 6.80 (d, J = 8.6 Hz, 2H), 4.06 (dd, J = 9.1, 7.1 Hz, 1H), 3.84 
(dd, J = 9.1, 7.6 Hz, 1H), 3.79 (s, 3H), 3.78 (s, 3H), 2.99 (dd, J = 14.2, 5.3 Hz, 1H), 2.91 
(dd, J = 14.2, 6.8 Hz, 1H), 2.67 – 2.59 (m, 1H), 2.59 – 2.53 (m, 1H), 2.52 – 2.42 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 178.76, 158.64, 158.53, 130.44, 130.11, 129.80, 
129.72, 114.24, 114.18, 71.30, 55.41, 55.39, 46.71, 41.40, 37.79, 34.23. 
HRMS-ESI (m/z): calculated C20H22O4 + Na
+: 349.1416 found 349.1431. 
 
Synthesis of (±)-dimethyl matairesinol (4.40)12:  
 
 
Scale: 0.3 mmol  
Reaction Time: 12 h    
Flash Chromatography: 1:1 Hex/EtOAc 
TLC: Rf= 0.3 in 1:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 98% (114 mg) 
Physical state: clear oil 
1H NMR (500 MHz, Chloroform-d) δ 6.76 (t, J = 8.3 Hz, 2H), 6.68 (d, J = 1.3 Hz, 1H), 
6.65 (dd, J = 8.3, 1.3 Hz, 1H), 6.55 (dd, J = 8.3, 1.3 Hz, 1H), 6.48 (d, J = 1.3 Hz, 1H), 
4.12 (dd, J = 8.9, 7.5 Hz, 1H), 3.88 (overlap, 1H), 3.85 (s, 3H), 3.85 (s, 3H), 3.83 (s, 3H), 
3.82 (s, 3H), 3.01 – 2.88 (m, 2H), 2.72 – 2.55 (m, 2H), 2.55 – 2.43 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 178.84, 149.14, 149.11, 148.03, 147.95, 130.55, 
130.29, 121.46, 120.67, 112.43, 111.91, 111.39, 111.15, 71.37, 56.03, 56.01, 55.98, 
55.95, 46.69, 41.19, 38.31, 34.61. 
HRMS-ESI (m/z): calculated C22H26O6 + Na
+: 409.1627 found 409.1638. 
 
Synthesis of (±)-hinokinin (4.41)13 :  
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Scale: 0.15 mmol  
Reaction Time: 12 h 
Flash Chromatography: 4:1 Hex/EtOAc 
TLC: Rf= 0.3 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 85 % (45 mg)  
Physical state: clear oil 
1H NMR (500 MHz, Chloroform-d) δ 6.73 (d, J = 7.8 Hz, 1H), 6.70 (d, J = 8.3 Hz, 1H), 
6.63 (d, J = 1.7 Hz, 1H), 6.60 (dd, J = 7.8, 1.7 Hz, 1H), 6.49 – 6.44 (m, 2H), 5.97 – 5.90 
(m, 4H), 4.13 (dd, J = 9.2, 6.8 Hz, 1H), 3.86 (dd, J = 9.2, 7.1 Hz, 1H), 2.98 (dd, J = 14.1, 
5.1 Hz, 1H), 2.84 (dd, J = 14.1, 7.4 Hz, 1H), 2.64 – 2.56 (m, 1H), 2.56 – 2.50 (m, 1H), 
2.50 – 2.40 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 178.54, 148.02, 148.00, 146.61, 146.48, 131.73, 
131.46, 122.36, 121.68, 109.58, 108.95, 108.49, 108.42, 101.16, 71.28, 46.63, 41.43, 
38.52, 34.98. 
HRMS-ESI (m/z): calculated C20H18O6 + Na
+: 377.1001 found 377.1004.  
 
Synthesis of 4.42:  
 
 
Scale: 0.825 mmol  
Reaction Time: 12 h  
Flash Chromatography: 4:1 Hex/EtOAc  2:1 Hex/EtOAc 
TLC: Rf= 0.1 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 84 % (309 mg) 
Physical state: clear oil 
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1H NMR (500 MHz, Chloroform-d) δ 6.89 (d, J = 8.5 Hz, 1H), 6.64 (d, J = 8.5 Hz, 1H), 
6.60 (d, J = 8.5 Hz, 1H), 6.53 (d, J = 8.5 Hz, 1H), 4.09 (dd, J = 9.2, 7.3 Hz, 1H), 3.90 (s, 
3H), 3.87 (overlap, 1 H), 3.86 (s, 3H), 3.83 (s, 3H), 3.82 (s, 6H), 3.77 (s, 3H), 3.17 (dd, J 
= 13.9, 5.3 Hz, 1H), 2.79 (dd, J = 13.9, 8.1 Hz, 1H), 2.64 (td, J = 8.3, 5.3 Hz, 1H), 2.58 
(dd, J = 12.9, 4.9 Hz, 1H), 2.51 (dq, J = 12.9, 7.9 Hz, 1H), 2.42 (dd, J = 12.9, 8.9 Hz, 
1H). 
13C NMR (126 MHz, Chloroform-d) δ 179.25, 152.89, 152.73, 152.26, 151.94, 142.29, 
142.28, 125.04, 124.40, 124.26, 124.16, 107.35, 107.20, 71.42, 60.96, 60.91, 60.82, 
56.10, 45.88, 41.73, 32.36, 29.73. 
HRMS-ESI (m/z): calculated C24H30O8 + Na
+: 469.1838 found 469.1820. 
 
 
 
Synthesis of (±)-steganolide A (4.43)14: A flame dried 50-mL round bottom flask 
with a stirring bar was charged with RuO2-xH2O (174 mg, 0.720 mmol, 2 equiv., 55.2 % 
Ru) and placed under a N2 atmosphere. Thereafter, DCM (12 mL) was added via syringe 
and the stirred mixture was cooled to -10 °C (acetone/immersion cooler). TFA (823 μL, 
10.74 mmol, 30 equiv.) and TFAA (1.13 mL, 5.37 mmol, 15 equiv.) were added in that 
order and the reaction was stirred for a 5 minute period. At the conclusion of the stir period, 
4.42 (160 mg, 0.358 mmol, 1 equiv.) dissolved in DCM (6 mL) was added dropwise in 
concert with BF3-OEt2 (354 μL, 2.86 mmol, 8 equiv.). The reaction was left to cool to room 
temperature and stirred for a 24 h period. The resultant heterogeneous mixture was 
quenched via addition of saturated NaHCO3 (20 mL) and the mixture was filtered through 
a celite pad. The resultant solution was extracted thrice with DCM and the combined 
organic layers were washed with brine and dried over MgSO4. The solution was reduced 
in vacuo and the resultant residue was further purified via flash chromatography. Although 
reported as atroposelective, in our hands this reaction produced two atropisomers (d.r. 2:1). 
4.43 can be obtained in high selectivity (d.r. 20:1) through sequential recrystallization with 
isopropyl alcohol. 
 
Reaction Time: 26 h 
Flash Chromatography: 20:1 DCM/EtOAc  10:1 DCM/EtOAc 
TLC: Rf= 0.7 in 10:1 DCM/EtOAc, Stain: PMA (color:green) 
Recrystallization: isopropyl alcohol (3 times) 
% yield: 95 % (151 mg, d.r. 2:1)  30% (48 mg, d.r. 20:1)  
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Physical state: white solid 
1H NMR (500 MHz, Chloroform-d) δ 6.52 (s, 2H), 4.38 (dd, J = 8.4, 6.7 Hz, 1H), 3.95 
(s, 3H), 3.93 (s, 3H), 3.92 (s, 3H), 3.92 (s, 3H), 3.85 (s, 6H), 3.79 (dd, J = 11.2, 8.4 Hz, 
1H), 3.65 (d, J = 13.0 Hz, 1H), 3.13 (d, J = 13.0 Hz, 1H), 2.15 – 2.03 (m, 1H), 2.03 – 
1.85 (m, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 176.47, 151.62, 151.60, 150.72, 150.57, 142.09, 
141.85, 136.23, 136.03, 126.60, 125.59, 109.62, 109.48, 70.24, 61.22, 61.11, 60.94, 
56.20, 49.53, 46.66, 25.99, 24.26. 
HRMS-ESI (m/z): calculated C24H28O8 + H
+: 445.1862 found 445.1874. 
 
General Procedure for Conversion of Dibenzylbutanes (CL1) to Furan (CL5b)18: 
 
 
 
A 10-mL scintillation vial with a magnetic stirring bar was charged with diols (0.3 
mmol, 1 equiv.) and dissolved in TFE (6 mL, [0.05 M]). To the stirred reaction was added 
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (103 mg, 0.045 mmol, 1.5 equiv.) in 
one portion at which point the reaction turned into a green color solution. The reaction was 
left to stir for a 6 h period or until the reaction was pink/white and heterogeneous indicating 
complete consumption of DDQ. The reaction was introduced into a separatory funnel and 
diluted with EtOAc (50 mL). The resultant mixture was washed with saturated NaHSO3 
(1x30 mL) and the aqueous layer was extracted twice with EtOAc. The combined organic 
layers were then washed with saturated NaHCO3 (3x30 mL) and brine (1x30 mL). The 
organic layer was dried over Na2SO4 and reduced in vacuo. The resultant material was 
purified through flash chromatography or preparative TLC.  
 
Synthesis of 4.44:  
 
 
Reaction time: 6 h 
Flash Chromatography: 1:1 Hex/EtOAc   
TLC: Rf= 0.4 in 1:1 Hex/EtOAc, Stain: PMA (color:green) 
% yield: 46 % (45 mg) 
Physical state: clear oil 
1H NMR (500 MHz, Chloroform-d) δ 7.25 (d, J = 8.95 Hz, 2H), 7.11 (d, J = 8.5 Hz, 2H), 
6.87 (d, J = 8.5 Hz, 2H), 6.84 (d, J = 8.5 Hz, 2H), 4.83 (d, J = 6.4 Hz, 1H), 4.06 (dd, J = 
8.5, 6.6 Hz, 1H), 3.91 (dd, J = 10.8, 7.0 Hz, 1H), 3.80 (s, 3H), 3.79 (s, 3H), 3.78 – 3.75 (m, 
 384 
 
1H), 3.75 – 3.71 (m, 1H), 2.91 (dd, J = 13.6, 5.4 Hz, 1H), 2.74 (m, 1H), 2.58 (dd, J = 13.6, 
10.4 Hz, 1H), 2.39 (m, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 159.14, 158.16, 135.19, 132.59, 129.68, 127.16, 
114.12, 113.98, 82.82, 73.12, 61.14, 55.44, 55.40, 52.77, 42.52, 32.86. 
HRMS-ESI (m/z): calculated C20H24O4 + H
+: 351.1572 found 351.1587. 
 
Synthesis of (±)-lariciresinol dimethyl ether (4.45)16 from: 
 
 
Reaction time: 6 h 
Flash Chromatography: 2:1 Hex/EtOAc  
then Preparative TLC: 4:1 CHCl3/EtOAc  
TLC: Rf= 0.1 in 2:1 EtOAc/Hex, Stain: PMA (color:green) 
% yield: 33% (39 mg) 
Physical state: clear oil 
1H NMR (500 MHz, Chloroform-d) δ 6.90 – 6.85 (m, 2H), 6.84 – 6.78 (m, 2H), 6.77 – 
6.69 (m, 2H), 4.82 (d, J = 6.5 Hz, 1H), 4.07 (dd, J = 8.6, 6.6 Hz, 1H), 3.93 (dd, J = 10.5, 
7.1 Hz, 1H), 3.88 (s, 3H), 3.87 (s, 3H), 3.87 (s, 3H), 3.86 (s, 3H),  3.79 (dd, J = 10.5, 6.0 
Hz, 1H), 3.75 (dd, 1H), 2.93 (dd, J = 13.6, 5.2 Hz, 1H), 2.75 (tt, J = 12.6, 6.3 Hz, 1H), 2.57 
(dd, J = 13.6, 10.6 Hz, 1H), 2.43 (p, J = 6.9 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 149.23, 149.10, 148.56, 147.60, 135.56, 133.09, 
120.62, 118.16, 112.06, 111.46, 111.14, 109.09, 82.89, 73.09, 61.10, 56.08, 56.05, 56.03, 
52.70, 42.49, 33.40. 
HRMS-ESI (m/z): calculated C22H28O6 + Na
+: 411.1784 found 411.1275. 
 
Synthesis of (±)-dihydosesamin (4.46)14: 
 
 
 
Reaction time: 6 h 
Preparative TLC: 2:1 Hex/EtOAc 
TLC: Rf= 0.2 in 2:1 Hex/EtOAc, Stain: PMA (color:green) 
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% yield: 32% (34 mg) 
Physical state: clear oil  
1H NMR (500 MHz, Chloroform-d) δ 6.83 (s, 1H), 6.76 (s, 2H), 6.73 (d, J = 7.9 Hz, 1H), 
6.68 (s, 1H), 6.64 (d, J = 7.9 Hz, 1H), 5.94 (s, 2H), 5.93 (s, 2H), 4.79 (d, J = 6.2 Hz, 1H), 
4.08 – 4.01 (m, 1H), 3.89 (dd, J = 10.7, 6.9 Hz, 1H), 3.76 (dd, J = 10.7, 6.7 Hz, 1H), 3.74 
– 3.69 (m, 1H), 2.87 (dd, J = 13.6, 5.4 Hz, 1H), 2.70 (tt, J = 12.3, 6.5 Hz, 1H), 2.54 (dd, J 
= 13.5, 10.5 Hz, 1H), 2.35 (p, J = 6.8 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 147.98, 147.90, 147.02, 146.07, 137.22, 134.29, 
121.56, 119.18, 109.07, 108.43, 108.20, 106.42, 101.13, 101.02, 83.01, 73.05, 61.05, 
52.77, 42.47, 33.41. 
HRMS-ESI (m/z): calculated C20H20O6 + Na
+: 379.1158 found 379.1161. 
 
Synthesis of (±)-sanshodiol methyl ether (4.47)18: 
 
 
Reaction time: 6 h 
Flash Chromatography: 2:1 Hex/EtOAc  then Preparative TLC: 7:1 CHCl3/EtOAc  
 then Preparative TLC: 2:1 Hex/EtOAc 
TLC: Rf= 0.2 in 2:1 Hex/EtOAc, Stain: PMA (color:green) 
% yield: 33% (36 mg) 
Physical state: clear oil 
r.r. 4:1  
1H NMR (500 MHz, Chloroform-d) δ 6.90 – 6.81 (m, 3H), 6.73 (d, J = 7.9 Hz, 1H), 6.68 
(d, J = 1.6 Hz, 1H), 6.64 (dd, J = 7.9, 1.7 Hz, 1H), 5.93 (s, 2H), 4.81 (d, J = 6.3 Hz, 1H), 
4.06 (dd, J = 8.6, 6.7 Hz, 1H), 3.91 (dd, J = 10.7, 6.9 Hz, 1H), 3.88 (s, 3H), 3.87 (s, 3H), 
3.77 (dd, J = 10.7, 6.7 Hz, 1H), 3.73 (dd, J = 8.6, 6.5 Hz, 1H), 2.89 (dd, J = 13.6, 5.3 Hz, 
1H), 2.76 – 2.67 (m, 1H), 2.55 (dd, J = 13.6, 10.5 Hz, 1H), 2.40 (p, J = 6.8 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 149.24, 148.56, 147.91, 146.07, 135.58, 134.32, 
121.56, 118.13, 111.15, 109.08, 108.43, 101.02, 82.97, 77.16, 73.03, 61.13, 56.09, 56.04, 
52.55, 42.50, 33.50. 
HRMS-ESI (m/z): calculated C21H24O6 + Na
+: 395.1471 found 395.1482. 
 
General Procedure for Conversion of Dibenzylbutanes (CL1) to Furan (CL5c)19: 
 
 
 
 386 
 
A 100-mL round bottom flask with a magnetic stirring bar was charged with diol 
(0.3 mmol. 1 equiv.), MeOH (30 mL, [0.01 M]) and HCl (5-10 drops, 12 M). The flask 
was adapted with a reflux condenser, placed under stirring, and refluxed until full 
consumption of the starting material was observed by TLC (1:1 Hex/EtOAc). The reaction 
was reduced in vacuo and the resultant residue was introduced into a separatory funnel 
with the assistance of EtOAc. The resultant organic layer was washed with water (1x 30 
mL) and the aqueous layer was extracted with EtOAc (2 x 20 mL). The combined organic 
layers were washed with saturated NaHCO3 (1 x 30 mL) and water (1 x 30 mL). The 
resultant organic mixture was then dried over Na2SO4 and reduced in vacuo. The resultant 
residue was further purified via flash chromatography. 
 
Synthesis of 4.62: 
 
 
 
Reaction time: 4 d 
Flash Chromatography: 4:1 Hex/EtOAc 
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 75% (80 mg)  
Physical state: clear oil 
1H NMR (500 MHz, Chloroform-d) δ 6.76 (d, J = 8.1 Hz, 1H), 6.72 – 6.67 (m, 1H), 6.64 
(dd, J = 8.1, 2.0 Hz, 1H), 6.57 (d, J = 1.9 Hz, 1H), 6.53 (dd, J = 5.9, 1.7 Hz, 2H), 5.98 – 
5.83 (m, 2H), 3.90 (ddd, J = 8.9, 6.7, 3.0 Hz, 2H), 3.86 (s, 3H), 3.84 (s, 3H), 3.55 – 3.49 
(m, 2H), 2.59 (ddd, J = 13.6, 10.5, 6.3 Hz, 2H), 2.51 (dt, J = 13.7, 7.9 Hz, 2H), 2.24 – 2.10 
(m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 148.93, 147.74, 147.50, 145.93, 134.27, 133.05, 
121.60, 120.68, 111.89, 111.20, 109.08, 108.16, 100.99, 73.45, 73.39, 56.00, 55.87, 46.69, 
46.63, 39.30, 39.22. 
HRMS-ESI (m/z): calculated C21H24O5 + Na
+: 379.1521 found 379.1521. 
 
Synthesis of 4.61: 
 
 
Reaction time: 7 d 
Flash Chromatography: 4:1 Hex/EtOAc 
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TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 41% (44 mg), 93% b.r.s.m. (63 mg) 
Physical state: clear oil 
1H NMR (500 MHz, Chloroform-d) δ 6.80 (d, J = 8.1 Hz, 1H), 6.75 – 6.70 (m, 2H), 6.68 
(d, J = 1.8 Hz, 1H), 6.66 (d, J = 1.4 Hz, 1H), 6.63 (dd, J = 7.9, 1.4 Hz, 1H), 5.93 (s, 2H), 
3.87 (s, 3H), 3.86 (s, 3H), 3.78 (ddd, J = 8.7, 5.7, 3.4 Hz, 2H), 3.62 (dt, J = 10.1, 5.0 Hz, 
2H), 2.90 – 2.77 (m, 2H), 2.63 – 2.47 (m, 4H). 
13C NMR (126 MHz, Chloroform-d) δ 149.06, 147.85, 147.52, 145.97, 134.53, 133.30, 
121.65, 120.67, 112.09, 111.43, 109.14, 108.37, 100.99, 72.19, 72.10, 56.06, 56.00, 43.90, 
43.84, 33.43, 33.21. 
HRMS-ESI (m/z): calculated C21H24O5 + Na
+: 379.1521 found 379.1512. 
 
 
 
Synthesis of 4.65: A 40-mL scintillation vial with a magnetic stirring bar was 
charged with 4.20 (901 mg, 3 mmol, 3 equiv.), DMAD (4.63) (920 μL, 7.5 mmol, 2.5 
equiv.), DTAC (51 mg, 0.15 mmol, 0.05 equiv.) and PhMe (30 mL, [0.1 M]). Then, the 
vial was sealed and degassed with N2 for a 15 minute period with sonication. The resultant 
mixture was irradiated with Blue LEDs for 8 days or until full consumption of 4.20 was 
observed by TLC (4:1 Hex/EtOAc). At the completion of the cycloaddition, irradiation was 
stopped, and DDQ (1.135 g, 5 mmol, 1.66 equiv.) was added in one portion. The reaction 
was left to stir for a 24 h period. The resultant material was passed through a basic alumina 
pad and washed with several portions of DCM (300 mL total). The resultant organic layer 
was concentrated in vacuo and purified by flash chromatography. 
 
Reaction time: 8 d +1 d  
Flash Chromatography: 4:1 Hex/EtOAc  1:1 Hex/EtOAc 
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color:green), UV-active: blue 
% yield: 91 % (1.2 g) 
Physical state: orange oil 
1H NMR (500 MHz, Chloroform-d) δ 7.49 (d, J = 2.0 Hz, 1H), 7.46 (dd, J = 8.4, 2.0 Hz, 
1H), 7.41 (dd, J = 8.2, 1.7 Hz, 1H), 7.35 (d, J = 1.7 Hz, 1H), 6.93 (d, J = 8.5 Hz, 1H), 
6.88 (d, J = 8.2 Hz, 1H), 6.02 (s, 2H), 3.94 (s, 3H), 3.93 (s, 3H), 3.87 (s, 3H), 3.86 (s, 
3H). 
13C NMR (126 MHz, Chloroform-d) δ 164.49, 164.48, 153.43, 152.90, 150.36, 148.85, 
147.91, 122.91, 122.22, 121.68, 120.80, 114.45, 114.18, 111.03, 110.73, 110.13, 108.58, 
107.90, 101.61, 56.12, 56.08, 52.50, 52.45. 
HRMS-ESI (m/z): calculated C23H20O9 + H
+: 441.1186 found 441.1179. 
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Synthesis of 4.66: A 250-mL round bottom flask with a magnetic stirring bar was 
charged with 4.65 (700 mg, 1.6 mmol, 1 equiv.) and THF (32 mL, [0.05 M]). The reaction 
was cooled to 0 °C (ice/water bath) and LiAlH4 (365 mg, 9.6 mmol, 6 equiv.) was added 
in one portion. The reaction was left to stir for 30 min or until full consumption of the 
starting material was observed by TLC (1:1 Hex/EtOAc). Then, the reaction was cooled to 
0 °C, diluted with Et2O (40 mL), and acetone was added dropwise until no further gas 
evolution was observed. Thereafter, saturated solution of Rochelle’s salt (50 mL) was 
added and the reaction was left to stir until the gray solution became clear. The resultant 
mixture was introduced into a separatory funnel and extracted thrice with Et2O. The 
combined organic fractions were dried over MgSO4 and reduced in vacuo. The resultant 
white solid was used without any further purification. 
 
Reaction time: 1 h  
Flash Chromatography: 4:1 Hex/EtOAc  1:1 Hex/EtOAc (optional)  
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green), UV-active: blue 
% yield: 84 % (512 mg) 
Physical state: white solid 
1H NMR (500 MHz, Chloroform-d) δ 7.23 – 7.17 (m, 2H), 7.17 – 7.10 (m, 2H), 6.92 (d, J 
= 8.9 Hz, 1H), 6.88 (d, J = 7.9 Hz, 1H), 6.00 (s, 2H), 4.77 (s, 2H), 4.76 (s, 2H), 3.93 (s, 
3H), 3.92 (s, 3H), 2.74 (brs, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 150.13, 149.81, 149.28, 148.14, 147.72, 124.67, 
123.49, 121.01, 120.91, 120.81, 119.73, 111.41, 110.15, 110.11, 108.77, 107.42, 101.43, 
56.14, 56.12, 55.94, 55.88. 
HRMS-ESI (m/z): calculated C21H20O7 + Na
+: 407.1107 found 407.1105. 
 
 
 
Synthesis of 4.68: A 50-mL round bottom flask with a magnetic stirring bar was 
charged with 4.66 (116 mg, 0.3 mmol, 1 equiv.), 3:1 EtOH/EtOAc (24 mL, [0.0125 M]), 
and Pd/C (32 mg, 0.03 mmol, 0.1 equiv.). The reaction vessel was sealed, stirred, and 
adapted with an H2 balloon every 12 h until full consumption of the diols was observed by 
TLC (4:1 EtOAc/Hex). TLC analysis revealed complete conversion of 4.66 to 4.67 within 
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1 h of stirring. On a separate reaction compound 4.67 was isolated and characterized to aid 
in the monitoring of the reaction. After 48 h, complete consumption of 4.67 can be observed 
and the reaction was stopped and passed through a celite pad with the assistance of EtOAc. 
The collected organic solution was concentrated in vacuo and further purified by flash 
chromatography.  
 
For 4.67 
Reaction time: 1 h  
Flash Chromatography: 4:1 Hex/EtOAc 
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green), UV-active: blue 
% yield: 90% (95 mg) 
Physical state: off-white solid 
1H NMR (500 MHz, Chloroform-d) δ 7.23 – 7.17 (m, 3H), 7.15 (dd, J = 8.1, 1.7 Hz, 1H), 
6.93 (d, J = 8.1 Hz, 1H), 6.88 (d, J = 8.1 Hz, 1H), 5.99 (s, 2H), 3.95 (s, 3H), 3.92 (s, 3H), 
2.21 (s, 3H), 2.19 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 149.11, 148.16, 147.92, 147.04, 146.88, 146.46, 
126.39, 125.19, 119.57, 118.48, 118.10, 117.96, 111.36, 109.17, 108.63, 106.43, 101.19, 
56.09, 56.08, 10.07, 10.05. 
HRMS-ESI (m/z): calculated C21H20O5 + H
+: 353.1389 found 353.1386.  
 
For 4.68:  
Reaction time: 48 h  
Flash Chromatography: 10:1 Hex/EtOAc 
TLC: Rf= 0.1 in 10:1 Hex/EtOAc, Stain: PMA (color: green), UV-active: blue 
% yield: 48 % (50 mg) 
Physical state: off-white solid 
1H NMR (500 MHz, Chloroform-d) δ 6.98 – 6.91 (m, 3H), 6.90 – 6.83 (m, 2H), 6.80 (d, 
J = 8.0 Hz, 1H), 5.96 (s, 2H), 5.10 (t, J = 6.6 Hz, 2H), 3.91 (s, 3H), 3.89 (s, 3H), 2.73 – 
2.56 (m, 2H), 0.65 – 0.54 (m, 6H). 
13C NMR (126 MHz, Chloroform-d) δ 148.68, 147.90, 147.54, 146.40, 134.65, 133.14, 
119.63, 118.66, 110.90, 109.87, 108.02, 107.18, 100.98, 82.89, 82.82, 56.01, 41.66, 
41.60, 11.92. 
HRMS-ESI (m/z): calculated C21H24O5 + Na
+: 379.1521 found 379.1532. 
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Synthesis of 4.74: A 50-mL round bottom flask with a stirring bar was charged with 
4.73 (250 mg, 0.56 mmol, 1 equiv.) and CHCl3 (11.2 mL, [0.05 M]). The reaction was 
stirred and cooled to -5 °C (acetone/immersion cooler) and FeCl3 (455 mg, 2.88 mmol, 5 
equiv.) was added in one portion. The reaction was stirred for 12 h. At the completion of 
the stir period, saturated Rochelle’s salt solution (30-50 mL) was added to the reaction and 
the mixture was left to stir until all the iron salt dissolved. At the completion of this step, 
the reaction was biphasic and extracted thrice with DCM. The combined organic fractions 
were washed with saturated NH4Cl, brine, and dried over MgSO4. The resultant organic 
solution is reduced in vacuo and further purified by flash chromatography. The selectivity 
of the reaction was determined by crude 1H NMR prior to purification.  
 
Reaction time: 12 h  
Flash Chromatography: 4:1 Hex/EtOAc  3:1 Hex/EtOAc  
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, Stain: PMA (color: green)  
% yield: 47% (113 mg) 
Physical state: off-white solid 
r.r. >20:1  
1H NMR (500 MHz, Chloroform-d) δ 7.61 (s, 1H), 6.82 (s, 1H), 6.69 (d, J = 8.3 Hz, 1H), 
6.64 (d, J = 2.0 Hz, 1H), 6.62 (s, 1H), 6.45 (dd, J = 8.3, 2.0 Hz, 1H), 5.97 (d, J = 2.3 Hz, 
2H), 4.60 (d, J = 2.9 Hz, 1H), 3.99 (d, J = 2.9 Hz, 1H), 3.81 (s, 3H), 3.80 (s, 3H), 3.75 (s, 
3H), 3.64 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 172.91, 167.10, 149.58, 149.00, 148.05, 147.20, 
137.61, 134.70, 132.26, 125.56, 122.87, 119.80, 111.14, 110.92, 109.91, 108.95, 101.65, 
56.00, 55.96, 52.66, 52.12, 47.17, 46.12. 
HRMS-ESI (m/z): calculated C23H22O8 + Na
+: 449.1212 found 449.1197. 
 
 
 
Synthesis of 4.74 and 4.75: A flame dried 100-mL recovery flask with a magnetic 
stirring bar was charged with 4.20 (901 mg, 3 mmol, 1 equiv.), 4.21 (1.3 g, 9 mmol, 3 
equiv.), DTAC (52 mg, 0.15 mmol, 0.05 equiv) and dissolved in PhMe [30 mL, 0.1 M]. 
The flask was sealed and sparged with N2 for 15-20 minutes under sonication. The resultant 
mixture was placed under stirring and irradiated with blue LEDs for 5 days or until full 
consumption of 4.20 was observed by TLC (4:1 Hex/EtOAc). Once complete, the reaction 
mixture was removed from irradiation, cooled to 0-5 ᵒC (brine/immersion cooler), and 
diluted with HFIP (30 mL, [0.05 M]). After a 5 min. stir period, 12 M HCl (1.25 mL, 15 
mmol, 5 equiv.) was added dropwise at which point a color change from yellow to crimson 
red was observed. The resultant red solution was stirred for a 36 h period or until full 
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consumption of the [3+2] product was observed by TLC (1:1 Hex/Et2O). The reaction was 
reduced in vacuo and the resultant residue was introduced into a separatory funnel with the 
assistance of EtOAc (~100 mL). The organic layer was washed with NaHCO3 and the 
aqueous layer was extracted twice with EtOAc. The combined organic layers were washed 
with brine and dried over MgSO4. The solution was reduced in vacuo and purified by flash 
chromatography. After flash chromatography, the resultant material (1.219 g, 95%, r.r. 
53:43:4:0) was dissolved in Et2O (30 mL) and placed under stirring for 30 min. After the 
stir period was complete, the mixture was heterogeneous and the formed solid was 
collected in a glass frit and further triturated with cold Et2O (50 mL). The collected solid 
is 4.74 (517 mg, r.r. 98:2:0:0). The filtrate was reduced in vacuo and the resultant yellow 
solid was 4.75 (560 mg, r.r. 10:83:7:0).  
 
Reaction time: 5 d + 36 h  
Flash Chromatography: 3:1 Hex/EtOAc  
TLC: Rf= 0.2 in 4:1 Hex/EtOAc, UV-vis active (Blue)  
Trituration: Et2O 
% yield: 95% (1.219 g)  88% (1.077 g) (after trituration)  
Physical state: 4.74 white solid, 4.75 yellow solid 
Major (4.74): 517 mg, r.r. 98:2:0:0 (after trituration) 
1H NMR (500 MHz, Chloroform-d) δ 7.61 (s, 1H), 6.82 (s, 1H), 6.69 (d, J = 8.3 Hz, 1H), 
6.64 (d, J = 2.0 Hz, 1H), 6.62 (s, 1H), 6.45 (dd, J = 8.3, 2.0 Hz, 1H), 5.97 (d, J = 2.3 Hz, 
2H), 4.60 (d, J = 2.9 Hz, 1H), 3.99 (d, J = 2.9 Hz, 1H), 3.81 (s, 3H), 3.80 (s, 3H), 3.75 (s, 
3H), 3.64 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 172.91, 167.10, 149.58, 149.00, 148.05, 147.20, 
137.61, 134.70, 132.26, 125.56, 122.87, 119.80, 111.14, 110.92, 109.91, 108.95, 101.65, 
56.00, 55.96, 52.66, 52.12, 47.17, 46.12. 
HRMS-ESI (m/z): calculated C23H22O8 + Na
+: 449.1212 found 449.1197.  
Minor (4.75): 560 mg, r.r. 10:83:7:0 (after trituration)  
1H NMR (500 MHz, Chloroform-d) δ 7.67 (s, 1H), 6.86 (s, 1H), 6.65 (d, J = 8.0 Hz, 1H), 
6.64 (s, 1H), 6.49 (dd, J = 8.0, 1.8 Hz, 1H), 6.45 (d, J = 1.7 Hz, 1H), 5.90 – 5.86 (m, 2H), 
4.62 (d, J = 2.3 Hz, 1H), 3.96 (d, J = 2.3 Hz, 1H), 3.90 (s, 3H), 3.83 (s, 3H), 3.76 (s, 3H), 
3.64 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 172.82, 167.16, 151.02, 148.40, 147.82, 146.50, 
137.74, 136.64, 130.20, 124.32, 122.34, 120.79, 112.13, 111.90, 108.33, 108.19, 101.10, 
56.15, 56.09, 52.67, 52.06, 47.40, 45.73. 
HRMS-ESI (m/z): calculated C23H22O8 + Na
+: 449.1212 found 449.1218. 
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Synthesis of s4.1: A 100-mL round bottom flask with a stir bar was charged with 
4.74 (554 mg, 1.29 mmol, 1 equiv.) and THF (26 mL, [0.05 M]). The reaction was cooled 
to 0 °C (ice/water bath) and LiAlH4 (294 mg, 7.74 mmol, 6 equiv.) was added in small 
portions. The reaction was left to stir for 1 h at 0 °C or until full consumption of the starting 
material was seen by TLC (3:1 EtOAc/Hex). The reaction was quenched by dropwise 
addition of acetone until gas evolution seized. Then, a saturated solution of Rochelle’s salt 
(~ 20 mL) was added followed by water (20 mL). The reaction mixture was left to stir until 
two biphasic layers were observed. The mixture was introduced into a separatory funnel 
and extracted thrice with Et2O. The combined organic layers were dried over MgSO4, 
filtered, and concentrated in vacuo. The resultant material was further purified via flash 
chromatography.  
 
Reaction time: 1 h  
Flash Chromatography: 1:1 Hex/EtOAc  4:1 EtOAc/Hex  
TLC: Rf= 0.1 in 1:1 Hex/EtOAc, Stain: PMA (color: green)   
% yield: 93% (445 mg) 
Physical state: white foam  
1H NMR (500 MHz, Chloroform-d) δ 6.69 (d, J = 8.3 Hz, 1H), 6.65 (s, 1H), 6.64 (d, J = 
1.8 Hz, 1H), 6.55 (s, 1H), 6.49 (dd, J = 8.3, 1.8 Hz, 1H), 6.43 (s, 1H), 5.92 (s, 2H), 4.13 
(d, J = 12.8 Hz, 1H), 4.05 (d, J = 12.8 Hz, 1H), 4.02 (d, J = 2.7 Hz, 1H), 3.81 (s, 3H), 
3.78 (s, 3H), 3.64 (d, J = 6.7 Hz, 2H), 2.69 (td, J = 6.7, 2.8 Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 148.85, 147.64, 147.23, 146.65, 136.33, 136.32, 
129.88, 127.05, 125.66, 119.79, 111.06, 110.14, 110.05, 107.20, 101.11, 66.39, 64.74, 
55.97, 55.95, 47.17, 45.65. 
HRMS-ESI (m/z): calculated C21H22O6 + Na
+: 393.1314 found 393.1300. 
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Synthesis of 4.76: A 50-mL round bottom flask with a magnetic stirring bar was 
charged with s4.1 (370 mg, 0.99 mmol, 1 equiv.), EtOH (22 mL, [0.05 M]), and 10% wt. 
Pd/C (107 mg, 0.1 mmol, 0.1 equiv.). The reaction vessel was sealed, adapted with an H2 
balloon, and stirred for 24 h or until full consumption of s4.1 was observed by TLC (1:1 
Hex/EtOAc). At the completion of the reaction, the mixture was passed through a celite 
pad and the resulting solution was reduced in vacuo and further purified by flash 
chromatography. 
 
Reaction time: 24 h  
Flash Chromatography: 2:1  1:1 Hex/EtOAc 
TLC: Rf= 0.2 in 2:1 Hex/EtOAc, Stain: PMA (color: green)   
% yield: 68% (240 mg)  
Physical state: white solid  
d.r. 18:1 
1H NMR (500 MHz, Chloroform-d) δ 6.81 (d, J = 8.1 Hz, 1H), 6.74 (dd, J = 8.2, 1.9 Hz, 
1H), 6.61 (s, 1H), 6.54 (s, 1H), 6.20 (s, 1H), 5.82 (s, 2H), 3.96 (d, J = 10.8 Hz, 1H), 3.87 
(s, 3H), 3.81 (s, 3H), 3.78 (dd, J = 11.1, 2.6 Hz, 1H), 3.45 (dd, J = 11.1, 2.6 Hz, 1H), 2.77 
(dd, J = 15.8, 4.6 Hz, 1H), 2.62 (dd, J = 15.8, 11.5 Hz, 1H), 2.01 (tp, J = 11.5, 6.4 Hz, 
1H), 1.56 (tt, J = 10.8, 2.6 Hz, 1H), 1.22 (s, 1H), 1.14 (d, J = 6.4 Hz, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 149.28, 147.75, 145.81, 145.61, 138.45, 133.57, 
129.83, 121.77, 112.19, 111.23, 109.79, 107.76, 100.64, 61.27, 56.08, 56.03, 50.72, 
47.78, 39.40, 30.26, 19.85. 
HRMS-ESI (m/z): calculated C21H24O5 + Na
+: 379.1521 found 379.1507. 
 
 
 
Synthesis of (±)-galcatin (4.77)20: A flame dried 50-mL round bottom flask with a 
magnetic stirring bar was charged with 4.76 (107 mg, 0.3 mmol, 1 equiv.) and THF (6 mL, 
[0.05 M]). The stirred solution was cooled to 0 °C (water/ice bath) and TEA (63 μL, 0.45 
equiv, 1.5 equiv.) and MsCl (35 μL, 0.45, 1.5 equiv.) were added in that order. The reaction 
was left to warm to room temperature and after a 2 h stir period, full consumption of 4.76 
was attained as determined by TLC (1:1 Hex/EtOAc). The reaction was again cooled to 0 
°C and LiAlH4 (69 mg, 1.8 mmol, 6 equiv) was added in one portion. Once gas evolution 
seized the resultant mixture was refluxed for 30 min, cooled to 23 °C, and analyzed by 
TLC (4:1 Hex/EtOAc) to confirm full consumption of the mesylated intermediate. The 
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reaction was quenched by cooling to 0 °C and adding acetone until gas evolution seized. 
Then, saturated Rochelle’s salt solution (30 mL) was added and the mixture was further 
diluted with Et2O (30 mL). The resultant mixture was stirred until two clear biphasic layers 
were obtained, at which point the mixture was introduced into a separatory funnel and the 
water layer was extracted thrice with Et2O. The combined organic layers were dried over 
Na2SO4 and reduced in vacuo. The resultant material was purified by flash 
chromatography.  
 
Reaction Time: 2 h + 30 min.  
Flash Chromatography: 10:1 Hex/EtOAc  
TLC: Rf= 0.3 in 10:1 Hex/EtOAc, Stain: PMA (color: green)   
% yield: 70% (71 mg) 
Physical state: white solid  
1H NMR (500 MHz, Chloroform-d) δ 6.80 (d, J = 8.1 Hz, 1H), 6.69 (dd, J = 8.1, 1.7 Hz, 
1H), 6.60 – 6.55 (m, 1H), 6.53 (s, 1H), 6.15 (s, 1H), 5.81 (s, 2H), 3.88 (s, 3H), 3.82 (s, 
3H), 3.39 (d, J = 10.5 Hz, 1H), 2.73 (dd, J = 16.3, 4.5 Hz, 1H), 2.59 (dd, J = 15.9, 11.8 
Hz, 1H), 1.63 (qt, J = 11.5, 6.5 Hz, 1H), 1.58 – 1.47 (m, 1H), 1.07 (d, J = 6.4 Hz, 3H), 
0.86 (d, J = 6.4 Hz, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 149.11, 147.57, 145.69, 145.52, 139.19, 133.73, 
130.12, 121.94, 112.28, 111.03, 109.71, 107.74, 100.60, 56.06, 56.02, 54.78, 43.85, 
39.60, 35.66, 20.08, 17.37. 
HRMS-ESI (m/z): calculated C21H24O4 + Na
+: 363.1572 found 363.1570. 
 
 
 
Synthesis of 4.78: A 100-mL round bottom flask with a stir bar was charged with 
53 (554 mg, 1.29 mmol, 1 equiv.) and THF (26 mL, [0.05 M]). The reaction was cooled to 
0 °C (ice/water bath) and LiAlH4 (294 mg, 7.74 mmol, 6 equiv.) was added in small 
portions. The reaction was left to stir at 0 °C until full consumption of the starting material 
was seen by TLC (3:1 EtOAc/Hex). The reaction was quench by dropwise addition of 
acetone until gas evolution seized. Then, a saturated solution of Rochelle’s salt (~ 20 mL) 
was added followed by water (20 mL). The reaction mixture was left to stir until two 
biphasic layers were observed. The mixture was introduced into a separatory funnel and 
extracted thrice with Et2O. The combined organic layers were dried over MgSO4, filtered, 
and concentrated in vacuo. The resultant material was further purified via flash 
chromatography.  
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Reaction time: 1 h 
Flash Chromatography: 3:1 EtOAc/Hex  
TLC: Rf= 0.3 in 3:1 EtOAc/Hex, Stain: PMA (color: green)   
% yield: 69% (347 mg) 
Physical state: white foam   
1H NMR (500 MHz, Chloroform-d) δ 6.69 (s, 1H), 6.66 (d, J = 7.9 Hz, 1H), 6.58 (s, 1H), 
6.51 – 6.46 (m, 3H), 5.88 (d, J = 3.9 Hz, 2H), 4.13 (d, J = 13.0 Hz, 1H), 4.06 (d, J = 13.0 
Hz, 1H), 4.03 (s, 1H), 3.89 (s, 3H), 3.80 (s, 3H), 3.62 (qd, J = 10.4, 6.8 Hz, 2H), 2.65 (td, 
J = 6.8, 2.1 Hz, 1H), 2.42 (bs, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 148.85, 148.06, 147.66, 146.05, 138.12, 135.99, 
128.11, 125.90, 125.42, 120.72, 112.72, 110.23, 108.31, 108.19, 100.97, 66.45, 64.91, 
56.13, 56.05, 47.71, 45.35. 
HRMS-ESI (m/z): calculated C21H22O6 + Na
+: 393.1314 found 393.1319. 
 
Synthesis of (±)-lintetralin (4.79)21: A 25-mL round bottom flask with a magnetic 
stirring bar was charged with 4.78 (50 mg, 0.13 mmol, 1 equiv.) and dissolved in THF (2.6 
mL, [0.05 M]). The mixture was cooled to 0°C (water/ice bath) and NaH (29 mg, 0.67 
mmol, 5 equiv.) was added in one portion. After a 5 min. stir period MeI (41 μL, 0.65 
mmol, 5 equiv.) was added and the reaction was left to warm to room temperature. After 1 
h, TLC (3:1 EtOAc/Hex) analysis showed multiple spots at which point more MeI (41 μL, 
0.65 mmol, 5 equiv.) was added to the reaction. After a 1 h stir period TLC (1:1 
Hex/EtOAc) analysis showed full consumption of the starting material and a single spot in 
the TLC (Rf: 0.3 in 4:1 Hex/EtOAc).The reaction was quenched by cooling 0°C and adding 
water dropwise until gas evolution seized. The mixture was then introduced into a 
separatory funnel and extracted thrice with Et2O. The combined organic fractions were 
dried over MgSO4 and concentrated in vacuo to afford a yellow viscous oil.  
The resultant material from the previous reaction was placed in a 10-mL 
scintillation vial, dissolved in EtOAc (2.6 mL, [0.05 M]), and Pd/C (14 mg, 0.013 mmol, 
0.1 equiv) was added in one portion. The mixture was sealed and a H2 balloon was adapted 
to it. The reaction mixture was stirred for a 12 h period or until full consumption of the 
starting material was observed by TLC (Rf: 0.3 in 4:1 Hex/EtOAc).The mixture was passed 
through a 1:1 celite/silica plug with the assistance of EtOAc and the organic mixture was 
concentrated in vacuo. The resultant material was further purified by flash 
chromatography.  
 
Reaction Time: 2 h + 12 h 
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Flash Chromatography: 4:1 Hex/EtOAc 
TLC: Rf= 0.4 in 4:1 Hex/EtOAc, Stain: PMA (color: green)   
% yield:75% (38 mg) 2-steps  
Physical state: clear oil  
d.r. >20:1  
1H NMR (500 MHz, Chloroform-d) δ 6.74 (d, J = 7.9 Hz, 1H), 6.64 (dd, J = 7.9, 1.3 Hz, 
1H), 6.60 (s, 1H), 6.58 – 6.55 (m, 1H), 6.24 (s, 1H), 5.93 (d, J = 3.3 Hz, 2H), 3.99 (d, J = 
10.3 Hz, 1H), 3.84 (s, 3H), 3.61 (s, 3H), 3.48 (dd, J = 9.3, 3.8 Hz, 1H), 3.43 (dd, J = 9.2, 
6.5 Hz, 1H), 3.40 – 3.36 (overlap, 1H), 3.36 (s, 3H), 3.27 (s, 3H), 3.11 (dd, J = 9.6, 3.1 Hz, 
1H), 2.82 (d, J = 7.8 Hz, 2H), 2.14 (dtq, J = 11.9, 8.1, 4.0 Hz, 1H), 1.79 (tt, J = 10.1, 3.0 
Hz, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 147.81, 147.26, 147.15, 146.00, 139.81, 131.97, 
129.04, 122.81, 112.99, 111.13, 109.49, 107.94, 100.95, 75.39, 71.26, 59.09, 59.03, 56.03, 
55.93, 47.37, 45.22, 36.40, 33.33. 
HRMS-ESI (m/z): calculated C23H28O6 + Na
+: 423.1784 found 423.1764. 
 
 
 Synthesis of 4.80: A flame dried 50-mL round bottom flask with a magnetic stirring 
bar was charged with 4.78 (122 mg, 0.33 mmol, 1 equiv.) and DCM (17 ml, [0.02]). The 
flask was sealed, adapted with a N2 balloon, and cooled to -40 °C (acetone/immersion 
cooler). BF3-OEt2 (130 μL, 1.32 mmol, 4 equiv.) was added dropwise and a color change 
from pale yellow to red was observed. The reaction was stirred for 5 min. and Et3SiH (385 
μL, 3.3 mmol, 10 equiv.) was added dropwise. The reaction was left to warm to -20 °C and 
after a 1 h stir period TLC analysis showed full consumption of 4.78. The reaction was 
quenched at this temperature with dropwise addition of sat. NaHCO3 (~10 mL). The 
mixture was introduced into a separatory funnel and the organic layer was collected. The 
water layer was washed twice with DCM and the combined organic layers were washed 
with brine and dried over MgSO4. No further purification was undertaken.  
 
Reaction time: 1 h 
Flash Chromatography: 0.3 in 1:1 Hex/EtOAc (not necessary) 
TLC: Rf= 0.3 in 1:1 Hex/EtOAc, Stain: N/A 
% yield: 97% (93 mg) 
Physical state: clear oil  
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1H NMR (500 MHz, Chloroform-d) δ 6.66 (d, J = 8.4 Hz, 1H), 6.61 (s, 1H), 6.60 (s, 1H), 
6.57 – 6.52 (m, 2H), 6.25 (d, J = 1.6 Hz, 1H), 5.91 – 5.84 (m, 2H), 4.14 (d, J = 1.8 Hz, 
1H), 3.88 (s, 3H), 3.80 (s, 3H), 3.69 (dd, J = 10.7, 4.2 Hz, 1H), 3.43 (dd, J = 10.7, 8.8 Hz, 
1H), 2.44 (ddd, J = 8.8, 4.2, 1.8 Hz, 1H), 1.81 (d, J = 1.6 Hz, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 148.07, 147.92, 147.60, 145.90, 139.43, 132.91, 
126.91, 126.85, 124.08, 120.54, 112.94, 109.36, 108.31, 108.14, 100.90, 63.16, 56.06, 
56.03, 51.21, 44.83, 22.94. 
HRMS-ESI (m/z): calculated C21H22O5 + Na
+: 377.1365 found 377.1370. 
 
 
 
Synthesis of (±)-pycnanthulignene B (4.81)22: A 10-mL vial with a magnetic 
stirring bar was charged with compound 4.80 (78 mg, 0.22 mmol, 1 equiv.) and dry DCM 
(2.2 mL, [0.1M]). The reaction was cooled to 0 °C (ice/water bath) and TEA (62 μL, 0.44 
mmol, 2 equiv.) and MsCl (35 μL, 0.44 mmol, 2 equiv.) were added in that order. The 
reaction was then removed from the ice bath and after 1 h stir period TLC analysis (2:1 
Hex/EtOAc) showed full consumption of compound 4.80. The reaction was cooled to 0 °C 
and quenched via dropwise addition of NH4Cl (1 mL). The resulting mixture was 
introduced into a separatory funnel with the assistance of DCM. The organic layer was 
washed with NH4Cl (~ 20 mL) and the water layer was further extracted with DCM (2 x 
15 mL). The combined organic layers were dried over MgSO4 and reduced in vacuo. The 
resulting viscous oil was used without any further purification.  
 A 50-mL round bottom flask with a magnetic stirring bar was charged with the 
resulting oil from the previous reaction, NaI (330 mg, 2.2 mmol, 10 equiv.), and Zn powder 
(44 mg, 0.66 mmol, 3 equiv.). The reaction flask was adapted with a reflux condenser and 
placed under an Argon atmosphere. DME (11 mL, [0.02 M]) was added via syringe and 
the stirred reaction was heated to 100 °C (oil bath). The reaction was stirred for 4 h or until 
TLC analysis (4:1 Hex/EtOAc) showed full consumption of the starting material. The 
reaction was cooled to 23 °C and passed through a celite/silica pad with the assistance of 
EtOAc. The resultant filtrate was reduced in vacuo, reconstituted in EtOAc, and introduced 
to a separatory funnel. The organic layer was washed with NH4Cl and the water layer was 
extracted twice with EtOAc. The combined organic fractions were washed with brine, dried 
over MgSO4, and reduced in vacuo. The resultant residue was purified via flash 
chromatography.  
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Reaction time: 1h +4h 
Flash Chromatography: 10:1 Hex/EtOAc 
TLC: Rf= 0.3 in 10:1 Hex/EtOAc, Stain: PMA (color:green),  
% yield: 73% (54 mg) 
Physical state: clear oil 
1H NMR (500 MHz, Chloroform-d) δ 6.66 (d, J = 7.9 Hz, 1H), 6.61 (s, 1H), 6.57 – 6.50 
(m, 3H), 6.13 (d, J = 1.6 Hz, 1H), 5.90 – 5.85 (m, 2H), 3.88 (s, 3H), 3.79 (s, 3H), 3.66 (d, 
J = 2.7 Hz, 1H), 2.34 (qd, J = 7.1, 2.8 Hz, 1H), 1.79 (d, J = 1.6 Hz, 3H), 1.07 (d, J = 7.1 
Hz, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 147.81, 147.71, 147.54, 145.84, 139.80, 138.73, 
127.17, 127.12, 121.25, 120.56, 112.97, 109.13, 108.22, 108.05, 100.87, 56.05, 56.04, 
51.00, 42.36, 22.37, 18.96. 
HRMS-ESI (m/z): calculated C21H22O4 + Na
+: 361.1416 found 361.1407. 
 
 
Synthesis of 4.88: A flame dried 100-mL recovery flask with a magnetic stirring 
bar was charged with 4.86 (1.1 g, 4 mmol, 1 equiv.), 4.63 (1.49 mL, 12 mmol, 3 equiv.), 
DTAC (68 mg, 0.2 mmol, 0.05 equiv.) and CHCl3 (20 mL, [0.2 M]). The resultant mixture 
was cooled to 0 ᵒC (water/ice bath), sealed, and sparged with N2 for a 15 minute period. 
The mixture was irradiated with Blue LEDs for a 48 h period or until full consumption was 
observed by TLC (1:1 Hex/Et2O). Once complete, the reaction mixture was cooled to 10 
ᵒC (water/immersion cooler) and diluted with HFIP (60 mL, [0.05 M]). After a 5 min. stir 
period, 2M HCl in Et2O (10 mL, 20 mmol, 5 equiv.) was added dropwise at which point a 
color change from yellow to orange was observed. The resultant orange solution was stirred 
for a 24 h period or until full consumption of 4.87 was observed by TLC (4:1 Hex/Et2O). 
The reaction was poured into a separatory funnel with NaHCO3 and the water layer was 
extracted thrice with DCM. The combined organic fractions were dried over MgSO4, 
reduced in vacuo, and purified by flash chromatography. 
 
Reaction time: 48 h + 24 h 
Flash Chromatography: DCM  20:1 DCM/EtOAc  
TLC: Rf= 0.3 in 1:1 Hex/EtOAc, Stain: N/A 
% yield: 95% (1.5 g)  
Physical state: off-white solid 
r.r. >20:1  
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1H NMR (500 MHz, Chloroform-d) δ 8.38 (s, 1H), 7.25 – 7.19 (overlap, 3H), 6.98 (d, J = 
8.6 Hz, 2H), 6.84 (s, 1H), 6.05 (s, 2H), 3.93 (s, 3H), 3.87 (s, 3H), 3.60 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 169.78, 166.50, 159.37, 150.34, 148.81, 137.43, 
132.63, 131.42, 130.67, 129.96, 129.17, 122.91, 113.70, 104.99, 103.54, 101.85, 55.39, 
52.61, 52.29. 
HRMS-ESI (m/z): calculated C22H18O7 + Na
+: 417.0950 found 417.0957.  
 
 
Synthesis of 4.90: A 50-mL round bottom flask with a magnetic stir bar was 
charged with 4.88 (600 mg, 1.52 mmol, 1 equiv.) and dissolved in THF (30 mL, [0.05 M]). 
The reaction was cooled to 0 ᵒC (water/ice bath) and LiAlH4 (347 mg, 9.12 mmol, 6 equiv.) 
was added in small portions. The reaction was left to stir for 2 h or until full consumption 
of the starting material was observed by TLC (1:1 Hex/EtOAc). After 2 h, the reaction was 
cooled to 0 ᵒC and Glauber’s salt was added in small portions until gas evolution seized. 
The resultant mixture was filtered through a glass frit and the extract was washed with 
several portions of DCM. The filtrate was reduced in vacuo and the resultant white solid 
was used without any further purification.  
 
Reaction time: 2 h 
Flash Chromatography: N/A 
TLC: Rf=0.3 in 4:1 Hex/DCM, Stain: N/A 
 % yield: 95% (489 mg) 
Physical state: white solid 
1H NMR (500 MHz, Chloroform-d) δ 7.67 (s, 1H), 7.20 (d, J = 8.6 Hz, 2H), 7.11 (s, 1H), 
7.02 (d, J = 8.6 Hz, 2H), 6.72 (s, 1H), 5.99 (s, 2H), 4.89 (s, 2H), 4.59 (s, 2H), 3.90 (s, 3H), 
2.86 (s, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 159.12, 148.12, 147.87, 139.88, 135.98, 133.65, 
131.36, 131.15, 130.40, 130.22, 128.02, 114.03, 103.93, 103.91, 101.29, 65.50, 60.93, 
55.50. 
HRMS-ESI (m/z): calculated C20H18O5 + Na
+: 361.1052 found 361.1050.  
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Synthesis of pycnanthulignene C (4.89)22: A 100-mL round bottom flask with a 
magnetic stirring bar was charged with 4.90 (339 mg, 1 mmol, 1 equiv.), EtOAc (40 mL, 
[0.025 M]), and 10% wt. Pd/C (107 mg, 0.1 mmol, 0.1 equiv.). The reaction was sealed, 
adapted with an H2 balloon, and stirred for a 20 min period. At this point the reaction 
mixture was passed through a celite pad with the assistance of EtOAc and the collected 
organic fraction was reduced in vacuo. The resultant solid needed no further purification.  
 
Reaction time: 20 min.   
Flash Chromatography: N/A  
TLC: Rf=0.3 in 4:1 Hex/DCM, Stain: N/A 
 % yield: 306 mg (100 %) 
Physical state: white solid 
1H NMR (500 MHz, Chloroform-d) δ 7.48 (s, 1H), 7.14 (d, J = 8.7 Hz, 2H), 7.05 (s, 1H), 
7.03 (d, J = 8.7 Hz, 2H), 6.64 (s, 1H), 5.94 (s, 2H), 3.90 (s, 3H), 2.43 (s, 3H), 2.09 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 158.64, 146.92, 146.67, 137.72, 133.81, 133.06, 
132.01, 131.29, 129.01, 128.88, 126.60, 113.99, 103.18, 103.15, 100.86, 55.45, 21.12, 
17.62. 
HRMS-ESI (m/z): calculated C20H18O3 + H
+: 307.1334 found 307.1364. 
 
 
 
 
Synthesis of 65: A 100-mL round bottom flask with a magnetic stirring bar was 
charged with 64 (511 mg, 1.36 mmol, 1 equiv.) and THF (27 mL, [0.05 M]). The stirred 
reaction was cooled to 0 °C (ice/water bath) and LiAlH4 (310 mg, 8.16 mmol, 6 equiv.) 
was added in one portion. The reaction was left to warm to room temperature and stirred 
for 30 min. Once full consumption of 64 was obtained by TLC (4:1 Hex/EtOAc), the 
reaction was cooled to 0 °C, diluted with Et2O, and quenched by dropwise addition of 
acetone. Thereafter, saturated solution of Rochelle’s salt was added and the reaction was 
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left to stir until the gray solution became clear. The resultant mixture was introduced into 
a separatory funnel and extracted with Et2O thrice. The combined organic fractions were 
dried over MgSO4 and reduced in vacuo. The resultant diol was used without further 
purification. 
A 100-mL round bottom flask with a magnetic stirring bar was charged with the 
resultant diol and HFIP (27 mL, [0.05 M]). To the stirred reaction was added TMSOTf (50 
μL, 0.272 mmol, 0.2 equiv.) and the reaction was sealed with a septum adapted with a 
needle for venting. The reaction was heated to 40 °C and left to stir for 24 h until full 
consumption of the starting material was observed by TLC (4:1 Hex/EtOAc). The reaction 
was cooled to room temperature, concentrated in vacuo, and introduced to a seperatory 
funnel with the assistance of EtOAc. The resultant mixture was washed with saturated 
NaHCO3 and the aqueous layer was further extracted twice with EtOAc. The combined 
organic layers were dried over MgSO4, reduced in vacuo, and further purified by flash 
chromatography. The major compound was isolated as a mixture of two stereoisomer with 
the minor compound (224 mg, d.r. 13:1). This material can be further purified by 
recrystallization with isopropanol alcohol to yield 68 mg of the major in d.r >40:1. The 
Middle compound was isolated as a pure compound (89 mg, single diastereomer).  
 
Reaction time: 1 h + 24 h 
Flash Chromatography: 20:1  10:1 Hex/EtOAc 
TLC: Rf =0.4 (mid), 0.3 (maj) in 10:1 Hex/EtOAc, Stain: PMA (color: green)  
% yield: 76 % (313 mg)  
Physical state: white solid (major), white solid (middle) 
Major (d.r. >40:1):  
1H NMR (500 MHz, Chloroform-d) δ 7.32 (dd, J = 8.4, 5.5 Hz, 4H), 7.05 (t, J = 8.7 Hz, 
4H), 4.80 (d, J = 3.7 Hz, 2H), 4.26 (dd, J = 9.0, 6.8 Hz, 2H), 3.92 (dd, J = 9.3, 3.4 Hz, 
2H), 3.13 – 3.02 (m, 2H). 
13C NMR (126 MHz, Chloroform-d) δ 163.43, 161.47, 136.94, 136.92, 127.75, 127.69, 
115.68, 115.51, 85.41, 71.91, 54.56. 
19F NMR (470 MHz, Chloroform-d) δ -114.83 (ddd, J = 13.9, 8.7, 5.3 Hz). 
GCMS: calculated C18H16F2O2: 302.1 found 302.1. 
Middle (single diastereomer):  
1H NMR (500 MHz, Chloroform-d) δ 7.40 – 7.28 (m, 4H), 7.05 (td, J = 8.7, 3.6 Hz, 4H), 
4.89 (d, J = 6.0 Hz, 1H), 4.48 (d, J = 7.1 Hz, 1H), 4.15 (d, J = 9.5 Hz, 1H), 3.87 (dd, J = 
9.5, 6.3 Hz, 1H), 3.30 – 3.19 (m, 1H), 3.41 – 3.31 (m, 1H), 3.25 (t, 1H), 2.95 – 2.85 (m, 
1H). 
13C NMR (126 MHz, Chloroform-d) δ 163.52, 163.05, 161.56, 161.10, 137.05, 137.02, 
134.15, 134.13, 127.87, 127.80, 127.36, 127.30, 115.66, 115.49, 115.44, 115.27, 87.28, 
81.82, 71.17, 69.86, 54.90, 50.23. 
19F NMR (470 MHz, Chloroform-d) δ -114.67 (ddd, J = 14.1, 9.0, 5.2 Hz), -115.36 (ddd, 
J = 14.1, 9.1, 5.4 Hz). 
GCMS: calculated C18H16F2O2: 302.1 found 302.1. 
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Synthesis of 66: A 5-mL pressure flask with a stirring bar was charged with 64 (120 
mg, 0.3 mmol, 1 equiv.) and HFIP (5 mL, [0.06 M]). To the stirred reaction was added 
TMSOTf (12 μL, 0.064 mmol, 0.2 equiv.) at which point the clear solution turned dark red. 
The reaction was sealed and heated to 80 °C (oil bath) for a 24 h stir period. Completion 
of the reaction by TLC is difficult to access because the starting material and the product 
share the same Rf, but crude NMR can be used to determine full consumption of 64. At the 
completion of the stir period the reaction was cooled to room temperature and introduced 
into a separatory funnel with the assistance of EtOAc. The organic mixture was washed 
with NaHCO3 and extracted thrice with EtOAc. The combined organic fractions were dried 
over MgSO4 and concentrated in vacuo. The resultant residue was further purified by flash 
chromatography.  
 
Reaction time: 24 h 
Flash Chromatography: 9:1 Hex/EtOAc  8:1 Hex/EtOAc  
TLC: Rf= 0.2 in 9:1 Hex/EtOAc, Stain: PMA (color: green) 
% yield: 52 % (59 mg) 
Physical state: white solid  
d.r. 26:1  
1H NMR (500 MHz, Chloroform-d) δ 7.65 (s, 1H), 7.14 – 7.05 (m, 2H), 7.01 (dd, J = 
8.4, 2.7 Hz, 1H), 6.99 – 6.93 (m, 2H), 6.93 – 6.88 (m, 2H), 4.74 (d, J = 2.8 Hz, 1H), 4.04 
(d, J = 2.8 Hz, 1H), 3.78 (s, 3H), 3.63 (s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 172.16, 166.60, 163.16, 162.87, 161.20, 160.91, 
137.86, 137.83, 136.65, 136.64, 133.23, 133.16, 132.18, 132.15, 130.85, 130.78, 129.24, 
129.17, 126.23, 117.51, 117.34, 115.83, 115.70, 115.66, 115.53, 52.77, 52.38, 47.36, 
44.81. 
19F NMR (470 MHz, Chloroform-d) δ -114.41 (td, J = 8.4, 5.3 Hz), -115.72 (ddd, J = 
14.0, 8.6, 5.3 Hz). 
HRMS-ESI (m/z): calculated C20H16F2O4 + Na
+: 381.0914 found 381.0912. 
 
References for Experimental:  
1. Chai, C.; Armarego, W. L. F. Purification of Laboratory Chemicals; 6th ed.; 
Butterworth Heinemann: Oxford, 2009. 
2. Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. 
Organometallics 1996, 15, 1518. 
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CHAPTER 5 
A General Paradigm for Carbonyl Ylide Formation and More Ideas 
5.1 Introduction 
We realize now after such difficulties in publishing in this area that perhaps an 
incoming student might feel unenthusiastic to further expand these works. In response we 
describe here our finest ideas and preliminary data on how to progress carbonyl ylide 
formation from epoxides. We will cover three topics: 
(1) Beyond aryl substituted carbonyl ylides.  
(2) A second generation approach to classical lignans.  
(3) An asymmetric approach to classical lignans.  
We hope that these will provide enough allure to persuade a student to take on the 
exciting challenge of generating carbonyl ylides and finding synthetic use for them in 
modern organic chemistry.  
5.2 Beyond Aryl Substituted Carbonyl Ylides 
Up to this point the epoxides that have been investigated for carbonyl ylide 
formation have always contained at least one aryl group. The role of the aryl group in 5.1 
is to provide a single electron to the excited photoredox catalyst (Scheme 5.1a), which 
results in radical cation 5.2. After carbon-carbon fragmentation of 5.2 to oxonium radical 
5.3, back electron transfer provides carbonyl ylide 5.4.  
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Scheme 5.1 — Proposed strategy to extend the scope of carbonyl ylide generation.  
Thermochemically, back electron transfer or reduction of generally any oxonium 
radical (beyond aryl substituted) should be exergonic since the oxonium radical is already 
oxidized and the reduced catalyst is, at that point, a good reductant. Therefore, the problem 
of extending the scope of carbonyl ylide formation beyond aryl epoxides rest in the 
thermochemical considerations of the oxidation step (5.1  5.2) and the stability of the 
resulting oxonium radical (5.3). In other words, carbonyl ylide generation should not be 
limited to aryl groups but limited to functional groups (FG) that can give an electron to the 
excited catalyst and provide stabilization to the emerging oxonium radical; this is the 
paradigm (Scheme 5.1b). We propose that molecules of the general structure of 5.8-5.10 
are suitable for generation of carbonyl ylides. The oxidation potentials of these epoxides 
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are unknown but the redox potential of the highlighted (orange) functional groups have 
known values. There are several resources that make known the ground-state redox 
potentials of common functional groups and these are cited here.1–3 This data provides a 
priori insight to the feasibility of an electron transfer event. Unfortunately, the stability of 
oxonium radicals of interest must be assayed experimentally. 
Notwithstanding, these are upper limit estimates of the redox potential of these 
epoxides and their values are within reach to the catalyst that we have designed in our 
laboratories. We attempted to extend the scope of this reaction with epoxide 5.11 (Scheme 
5.2, Eq. 1). Unfortunately, no desired reactivity was observed with either DTAC or MD(p-
tol)PT. We posited that perhaps the substituents on epoxide 5.11 might not be able to 
stabilize the nascent oxonium radical. Previously, we have only been able to trap carbonyl 
ylides from aryl epoxides bearing two alkyl groups in one carbon termini and not those 
containing a single alkyl group, such as 5.11. Thus, we probed bis-allylic epoxide 5.13 in 
the hopes that the styrene moiety would be able to provide an electron and the flanking 
alkene will be able to stabilize the radical cation. Remarkably, when 5.13 was submitted to 
[3+2] dipolar cycloaddition with DMAD and DTAC the reaction proceeded with 
quantitative conversions after 1 h of irradiation. The product 5.15, which was identified by 
crude NMR, was oxidized in the same flask with DDQ to enable facile isolation of furan 
5.14 in 90% yield. This example represents a significant finding towards evolving this 
technology for the application to more complex synthetic targets. Moreover, it validates 
the general paradigm that we have created and sets the stage for further expansion of the 
scope of carbonyl ylide formation. What is paramount moving forward is to remain target 
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oriented and search for molecules that will showcase the simplifying power of this 
chemistry. 
 
Scheme 5.2 — Initial screening for generation of vinyl carbonyl ylides.  
5.3 A Second Generation Approach to Classical Lignans 
There are clear limitations that can be found in our current blueprints to most 
subtypes in classical lignans (CLs), specifically, CL2, CL3, CL4, CL5a, and CL5b 
(Scheme 5.3). Chiefly, the issue is symmetry. For example, access to CL2 natural products 
(Eq. 1) is limited to molecules that possess symmetrical aryl groups because with our 
current approach oxidation is unbiased; this produces two possible regioisomers that are 
often inseparable. A work-around to this issue would be using a substrate that lacks 
reactivity symmetry and holds differentiated oxidation levels at the pendant oxygen.  
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Scheme 5.3 — Limitations that can be found within the original blueprints to CLs. 
Enabling this chemistry would also permit access to entirely unsymmetrical CL4 
(Eq. 2), which are currently only accessible with symmetrical aryl groups. Access to CL5b 
via DDQ oxidation suffers from the same reactivity symmetry, since both aryl groups can 
be oxidized (Eq. 3). We have shown that CL3 (Eq. 4) are synthetically useful even when 
obtained as mixtures. Still, it would be desirable to obtain a single, targeted product without 
losing half the mass balance or having to engage in tedious purifications. The problem here 
is also symmetry, since both aryl groups can form para-quinone-methides (pQM) and 
participate in Friedel-Crafts alkylation. To date, total synthesis of CL5a irrespective of 
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relative stereochemistry require long synthetic sequences and access to all possible 
diastereomers in short order would further support biology studies. Thus, entry to other 
CL5a diastereomers other than the all-cis would be of importance (Eq. 5). 
We believe that all these underscored shortcomings can be resolved with the same 
solution: breaking the reactivity symmetry. Here we propose a second generation approach 
that addresses the above mentioned limitations by using an α-cyano-diaryl epoxide (such 
as 5.16, Scheme 5.4a). This contains a latent oxidation level that can be revealed after [3+2] 
dipolar cycloaddition to provide access to fully unsymmetrical CLs within the mentioned 
troubled subtypes.  
Before outlining the imagined strategy on how to use these epoxides towards CLs, 
we first would like to suggest experiments to gain initial insights regarding the carbonyl 
ylides derived from this type of system. We believe that photoredox generation of carbonyl 
ylides from epoxides like 5.16 would give almost entirely exo, exo carbonyl ylide 5.17. 
This expectation comes from the understanding that carbonyl ylide generation undergo two  
distinct equilibrations and both favor the exo, exo conformer. This is particularly true when 
A1,3 strain is present, which is expected of epoxides like 5.16. Consequently, the first task 
to check-off is the validation of this anticipation with trapping of a dipolarophile like 
DMAD (Scheme 5.4a), which should afford a single product (not shown). Once confirmed, 
trapping of 5.17 with dipolarophiles such as dimethyl fumarate is advised and expected to 
give two possible products 5.19 and 5.20 (Scheme 5.4b). We envisage that base addition 
to this mixture, possibly in a one-pot fashion, would lead to formation of 2, 3 dihydrofuran 
5.21 exclusively; this process occurs by revealing the latent oxidation level through 
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elimination of cyano group and epimerization of C4 in 5.19. Even if products from exo, 
endo carbonyl ylide are observed this two-step sequence should only afford product 5.21. 
Therefore, certain features of our outline strategy (below) will still be workable even if 
some of our expectations are not met. 
 
Scheme 5.4 — Propose studies on α-cyano epoxide 5.16.  
Last of all, we predict that carbonyl ylide 5.17 should be able to add regioselectively 
to LUMO, unsymmetrical dipolarophiles (Scheme 5.4c). Literature precedent have thus far 
shown that this is only possible with HOMO dipolarophiles.4 Moreover, studies by Whiting 
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have also shown that thermally activated carbonyl ylides similar to 5.17 add to LUMO 
dipolarophiles with no regioselectivity.5,6 We believe that 5.17 is able to distinguish LUMO 
dipoles. The key difference in the propose studies from others is that we can generate 
carbonyl ylides at low temperatures. In doing so we avoid the high energy surfaces that 
may lead to non-regioselective addition to dipolarophiles. We expect two possible products 
from this reaction (5.20 and 5.21) and both are expected to converge in subsequent steps. 
The second generation blueprints to CLs is described to its totality in Scheme 5.5. 
Synthetic routes towards epoxide of the general structure of 5.24 are only scarcely available 
(Scheme 5.5a).6 We propose that these can be synthesized by condensation of 5.22 with an 
appropriate aldehyde and sequential oxidation to epoxide 5.24. Throughout the 
development of this method caution is warranted for the possibility of generation of 
cyanide in situ.  
With 5.24 in hand we can begin to access fully unsymmetrical CLs (Scheme 5.5b). 
First, [3+2] dipolar cycloaddition of 5.24 with 5.18 is expected to give two products of the 
general structure of 5.25 (only the exo is shown). Crucial in this reaction is the 
regioselective addition, which completely differentiates all components within 5.25. 
Temperature control may play a critical role in this regioselectivity and we have already 
demonstrated that carbonyl ylides can be generated at low temperatures (as low as -40 °C). 
5.25 can be hydrogenated, ablating all stereocenters due to the carbonyl ylide and base 
promoted epimerization should afford trans CL2 solely (5.26). Alternatively, after 
hydrogenation isolation of the resulting product should be cis disposed, offering a 
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stereodivergent path to CL2 molecules. Oxidative aryl coupling of 5.26 should proceed 
uneventfully affording fully unsymmetrical CL4 (5.27).  
 
Scheme 5.5 — Second generation approach to CL natural products.  
Parallel to this approach, [3+2] dipolar cycloaddition of 5.24 with dimethyl 
fumarate followed by one-pot base promoted elimination of cyanide should give 5.28. Acid 
rearrangement of 5.28 is expected to provide aryl tetralone 5.29, which can be advance to 
a variety of CL3 natural products through proper functional group manipulation.7,8 This 
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approach exclusively affords a single product and difficulties of separation should not be 
encountered. It was considered as well that this sequence ([3+2] followed by acid promoted 
rearrangement) could be carried out in a one pot fashion but the generation of HCN cannot 
be overlooked and caution is warranted if this approach is to be undertaken. On the other 
hand, 5.28 can serve as a nodal scaffold to access other CLs.  
For example, LiAlH4 reduction of 5.28 can supply 5.30 and acid promoted 
rearrangement should afford CL5b (5.31) as a single product. Last of all, hydrogenation of 
5.30 should occur away from the C5 aryl group and after deoxygenation a new 
diastereomer of CL5a (5.32) becomes available. The mechanisms for the proposed 
rearrangements, 5.28  5.29 and 5.30  5.31, all are perceived that will occur via pQM 
formation followed by Friedel-Craft alkylation or 5-exo-trig cyclization, respectively. This 
concludes the proposed second generation approach to CLs. Unfortunately, we conceived 
these routes far too close to the ending of our tenure with this project and leave them here 
in hopes to someday see their realization. 
5.4 An Asymmetric Approach to Classical Lignans  
We have spent a great deal of time thinking of a pathway forward towards obtaining 
CLs asymmetrically. If possible, our approach would be the most sophisticated to date to 
this family and would prompt further biological screening and structure activity 
relationship (SAR) studies within each CL subtype. Early approaches conceived involved 
the interaction of metals with epoxide or carbonyl ylide; but lessons learned from early 
studies showed that epoxides are vulnerable to decomposition in the presence of practically 
any metal species. It was never fully explored if an organic catalyst could interact with the 
 514 
 
epoxide or carbonyl ylide. We think this approach would also be fruitless, since most of 
these are based on hydrogen bonding and we know from experience that electron-rich 
epoxides are labile to acidic additive. Therefore, we hypothesize that stereoinduction in 
this system is best introduced through the dipolarophile and not the epoxide.  
 
Scheme 5.6 — Chiral dipolarophiles enable entry to fully unsymmetrical CL5a nodal scaffold.  
We propose that use of 5-substituted-2(5H)-furanone (5.33) and epoxide 5.16 
maybe a worthy starting point to investigate stereoinduction.9 Noteworthy is that different 
alcohols from the chiral pool can be coupled to 5.33 and used in screening to find optimum 
selectivity. We expect 5.17 to add regioselectively to 5.33, which will facilitate access to 
CLs by use of the second generation approach— routes to CL1, CL6, and CL5c are also 
easily conceivable from proper manipulation of 5.30 and 5.35 (Scheme 5.5). Moreover, 
use of epoxide 5.16 will ensure generation of only exo, exo 5.17; this will reduce the 
possible product distribution from 8 to 4 (5.34a-b). It is not clear how the product 
distribution of this reaction would look like but we posit that optimization (solvent, 
temperature, and chiral alcohol) may lead to high discrimination. Nonetheless, if this is not 
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the case, 5.34a-b could be further converged to just two products 5.35 and 5.36 (Scheme 
5.6) by revealing the latent oxidation level and sequential epimerization. This will permit 
further synthetic tractability of the obtained products for use and application to asymmetric 
synthesis of CLs. 
5.5 Conclusions  
Within this chapter are described clear proposals on how to advance carbonyl ylide 
formation from epoxides to new frontiers. The continual expansion of the scope of this 
reaction will prompt more chemist to evoke this intermediate in their own targets. For this 
reason, a general paradigm has been described and preliminary data has been gathered in 
order to guide this endeavor.  
Classical lignan natural products have historically served as a source of valuable 
drugs and tool molecules. Efforts to access these in a manner that is amenable for SAR are 
therefore desirable. We have described amendments to our original blueprints to CLs that 
completely desymmetrize them by introducing a cyano group to the epoxide. This serves 
as latent oxidant and localizes the carbonyl ylide dipoles. In doing so, we have set the stage 
for synthesis of even more complex CLs that are stereogenically and structurally 
asymmetric.  
At the onset of this project we were focused on identifying a synthetic route to 
CL5a natural products and analogues. After 4 years of laborious work we have now: two 
new photoredox catalysts, a general approach to electronically diverse carbonyl ylides, and 
a synthetic platform to access all classical lignan subtypes from common building blocks. 
These studies were truly enabled by the confluence of ideas in several subjects: 
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photochemistry, catalysis, and total synthesis, and training in these have given us a broader 
appreciation for our guild. 
We have described here our best ideas hoping that they will help the Beeler group 
grow stronger. Working on these chemistries and this laboratory was a true honor. To 
whomever continue these studies, Godspeed.  
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5.6 Experimental 
5.6.1 General Information 
1H NMR and 13C NMR spectra were recorded at ambient temperature on a Varian 
Agilent-500 MHz VNMRS (500 and 126 MHz, respectively), and are internally referenced 
to the residual protio solvent signal (CDCl3: δ 7.26 and 77.0 ppm). Data for 1H NMR are 
reported as follows: chemical shift, integration, multiplicity (brs = broad singlet, s = singlet, 
d = doublet, t = triplet, q = quartet, m = multiplet, overlap = overlapping peaks) and 
coupling constants in Hz. Data for 13C NMR are reported in terms of chemical shift and 
overlapping carbons are noted by an underline. High-resolution mass spectra was obtained 
in the Boston University Chemical Instrumentation Center using a Waters Q-TOF APIUS 
mass spectrometer. Commercial reagents were purified prior to use following the 
guidelines of Chai and Armarego.1 All solvents were purified according to the method of 
Grubbs.2 Organic solutions were concentrated under reduced pressure on a Büchi rotary 
evaporaor using a water bath. Chromatographic purification of products was accomplished 
by flash chromatography on Silicycle F60 silica gel or Sorbtech neutral alumina 32-63 μm 
according to the method of Still.3 All reactions were carried out in well ventilated fume 
hoods. Reaction were monitored by thin-layer chromatography (TLC) using Silicycle 250 
μm silica gel plates or Sorbtech neutral alumina 250 μm. Visualization of the developed 
chromatogram was performed by irradiation with a 254 nm Ultra-Violet (UV) light or 
treatment with aqueous potassium permanganate (KMnO4) or ethanolic phosphomolybdic 
acid (PMA) followed by heating. Yields refer to purified compounds unless otherwise 
noted. Diastereoelectivity and regiochemical selectivity for reactions were determined by 
crude 1H NMR prior to purification. 
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5.6.2 Synthetic Procedures 
 
 
Synthesis of 5.14: A 10-mL vial with a magnetic stirring bar was charged with 
epoxide (61 mg, 0.3 mmol, 1 equiv.), DTAC (5.1 mg, 0.015 mmol, 0.05 equiv.), DMAD 
(111 μL, 0.9 mmol, 3 equiv.), and PhMe (6 mL, [0.05 M]). The vial was sealed and 
degassed by sparging nitrogen through the reaction for a 10-minute period. The reaction 
was then irradiated with blue LEDs for a 1 h period at which point full conversion of the 
epoxide could be observed via TLC (10:1 Hex/EtOAc). The reaction was removed from 
irradiation and DDQ (137 mg, 0.6 mmol, 2 equiv.) was added in one portion. After a 3 h 
stir period TLC analysis (10:1 Hex/EtOAc) showed full consumption of the [3+2] product. 
The reaction was passed through an alumina plug with the assistance of DCM (~250 mL) 
and the collected organic fraction was reduced in vacuo. The resultant residue was purified 
by flash chromatography. Selectivity of the [3+2] reaction was assayed by crude NMR.  
 
Flash Chromatography: 10:1 Hex/EtOAc  
TLC: Rf= 0.3 in 10:1 Hex/EtOAc, UV-vis active (Blue)  
% yield: 90% (92 mg)  
Physical state: slightly yellow solid 
1H NMR (500 MHz, Chloroform-d) δ 7.57 – 7.50 (m, 2H), 7.41 – 7.27 (m, 4H), 7.19 (d, 
J = 16.3 Hz, 1H), 6.46 (p, J = 1.4 Hz, 1H), 3.89 (s, 3H), 3.86 (s, 3H), 2.21 (s, 3H), 2.01 
(s, 3H). 
13C NMR (126 MHz, Chloroform-d) δ 163.95, 163.81, 155.30, 153.75, 143.59, 136.25, 
132.26, 128.92, 128.82, 127.23, 114.61, 114.47, 114.12, 111.96, 52.20, 52.13, 28.17, 
21.22. 
HRMS-ESI (m/z): calculated C20H20O5 + H
+: 341.1389 found 341.1382. 
 
References for Experimental:  
1. Chai, C.; Armarego, W. L. F. Purification of Laboratory Chemicals; 6th ed.; 
Butterworth Heinemann: Oxford, 2009.  
2. Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. 
Organometallics 1996, 15, 1518.  
3. Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923. 
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